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1. Kurzfassung (Extended Summary in German) 
Einleitung und Zielsetzung 
Auf dem fünften internationalen Gipfel der Supraleitungsindustrie (ISIS-5), der 1996 in 
Japan stattfand, wurde angekündigt, daß der Weltmarkt für elektrische Energietechnik, 
allein im Marktsegment Supraleitung, die 10 Mrd. $ Grenze bis zum Jahr 2010 
überschreiten wird. Dabei werden supraleitende Werkstoffe in allen Bereichen der 
Energietechnik, von der Energieerzeugung bis zur Energieverteilung, zu finden sein, 
Bild 1. Ungefähr fünfzehn Jahre nach der Entdeckung der Hochtemperatursupraleitung in 
Kuprat Verbindungen (La-Ba-Cu-O /J.G. Bednorz, K.A. Müller 1986/), der kurz darauf 
die Entdeckung eines ganzen Systems hochtemperatursupraleitender Werkstoffe auf 
Kuprat Basis folgte (Y-Ba-Cu-O /M.K. Wu et al. 1987/, Bi-Sr-Ca-Cu-O /H. Maeda et al. 
1988/, Tl-Ba-Ca-Cu-O /Z.Z. Shen 1988/, Hg-Ba-Ca-Cu-O /A. Schilling et al. 1993/), 
schließen sich Hochtemperatursupraleiter nun diesem Markt an, Bild 2. Ungefähr zehn 
Jahre nach ihrer Entdeckung erlangen Hochtemperatursupraleiter nun die Marktreife. 
Hochfeldspulen, die in starken Hintergrundfeldern (~20 T) eingesetzt werden können, 
gehören zu den ersten erfolgversprechenden Anwendungen der 
Hochtemperatursupraleiter /J.E. Evetts 2000, P. Komarek 2000, H. Weinstock 2000/. 
Aufgrund ihrer relativ einfachen thermomechanischen Verarbeitbarkeit und weitgehend 
gesicherter Prozeßparameter erscheinen Bandleiter, produziert unter Verwendung des 
Bi2Sr2CaCu2Ox (Bi-2212) Supraleitermaterials, für Hochfeldanwendungen am besten 
geeignet zu sein /H. Weijers et al. 1999/, Bild 3. Das Fehlen ausreichend tiefer 
Haftpotentiale, die thermisch aktiviertes Flußkriechen oberhalb von 30 K begünstigen, als 
auch nicht optimale Gefügestrukturen, verhindern hohe Transportstromdichten und 
limitieren einen breiteren technischen Einsatz des Bi-2212.  
Schlechte Flußverankerungseigenschaften haben ihre Ursache in der extremen 
Anisotropie des Bi-2212 die nur zu einem geringen Teil korrigierbar ist, Bild 4. Aufgrund 
dessen wurden in der Vergangenheit zahlreiche Versuche unternommen Haftstellen auf 
künstlichem Weg zu erschaffen. Dabei hat sich gezeigt, daß sich im Labormaßstab sehr 
effektive Haftzentren in Hochtemperatursupraleitern durch Bestrahlung mit schweren 
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Ionen erzeugen ließen /J. Schwartz 1993/. Für großtechnische Anwendungen ist diese 
Methode jedoch ungeeignet. 
Die Gefügestruktur in allen zur Zeit existierenden Hochtemperatursupraleitern ist immer 
noch nicht voll befriedigend. Speziell für Anwendungen im MRI-Bereich (magnetic 
resonance imaging), wo zur Erzielung höchster Bildauflösung eine hohe 
Langzeitstabilität der Hintergrundhochfeldspulen gefragt ist, existiert 
Entwicklungsbedarf /H. Kumakura 2000, J.S. Brooks 1998/. Mit Hilfe magneto-optischer 
Messungen konnte gezeigt werden, daß nur ein kleiner Teil eines supraleitenden Drahtes 
zum Transportstrom beiträgt /A.A. Polyanskii et al. 1994, J.A. Parrell 1996/. Eine 
gezielte Beeinflussung des Bi-2212 Gefüges durch chemische Beigaben führte bislang 
nur zu einem Teilerfolg, Bild 5. Durch Beigaben inerter MgO Partikel, mit Durchmessern 
im Nanometerbereich, konnten die Flußverankerungseigenschaften in Bi-2212 verbessert 
werden. Aufgrund des dadurch bedingten schlechteren Gefüges waren die 
Transporteigenschaften jedoch reduziert /W. Wei 1998, P.E. Kazin et al. 1995/. 
Gegenstand dieser Studie war die gezielte Einbringung von Ausscheidungen in Bi-2212 
durch die Beigabe von Ba-Oxyden mit dem Ziel effektive Haftzentren zu erzeugen. Im 
Hinblick auf potentielle Anwendungen wurde das auf diese Weise modifizierte Bi-2212 
auf eine mögliche Verbesserung der supraleitenden Transportstromtragfähigkeit in 
Metallverbund-Bandleitern hin untersucht. 
Dabei ergaben sich folgende Arbeitsschwerpunkte, Bild 6: 
• Herstellung des supraleitenden Vormaterials mit verschiedenen Ba-Oxyd Anteilen 
und Untersuchung des Reaktionsverhaltens während des Wärmebehandlungs-
prozesses. 
• Produktion von Massiv- und Monofilament Metall-Verbund Bandleitermaterial. 
• Optimierung des Wärmebehandlungsprozesses für alle hergestellten Stöchiometrien. 
• Bewertung der Gefüge und supraleitenden Eigenschaften der Proben. 
Experimentelle Vorgehensweise 
A. PROBENHERSTELLUNG 
Für alle Proben wurde kommerziell erhältliches röntgenreines Bi-2212 Pulver der Firma 
Superconductive Components Inc. (SCI) in der Stöchiometrie Bi2.1Sr1.7Ca1.2Cu2Ox 
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verwendet. Zusammensetzungen mit geringen stöchiometrischen Abweichungen haben 
sich für technische Anwendungen als vorteilhaft erwiesen, da sich damit zum einen eine 
höhere Phasenreinheit in, nach partiellem Anschmelzen wiedererstarrtem, Bi-2212 
erzielen läßt und zum anderen Bi-Verluste, die während der Wärmebehandlung auftreten, 
ausgeglichen werden können. Als Beigabe wurde BaO2 Pulver der Firma Alfa-Aesar 
verwendet. 
Massiv- und Bandleiterproben wurden in abgestuften molaren Verhältnissen zwischen 
10/1 und 1/1 (Bi-2212/Ba) hergestellt. Zu Vergleichszwecken wurden Proben ohne BaO2 
Anteil angefertigt. Für die Herstellung von Massivmaterial wurden die Pulver in einer 
uniaxialen Presse zu Tabletten mit 2-3 mm Dicke und 7 mm Durchmesser gepreßt. 
Bandleiter wurden nach dem „powder in tube“ (PIT) Verfahren produziert, wobei als 
Hüllmaterial Reinsilber verwendet wurde, Bild 7. Um eine Verunreinigung mit CO2 zu 
vermeiden, die während der Wärmebehandlung zur Blasenbildung in Bandleitern führt, 
wurden alle kritischen Verarbeitungsschritte des PIT Prozesses, Vermahlen der Pulver, 
Packen und Versiegeln der Ag-Rohre, unter Sauerstoffatmosphäre durchgefürt. Die 
Umformung in Bänder erfolgte in mehreren Schritten, bei denen eine 
Querschnittsreduktion von 10 % in jedem Schritt eingehalten wurde. Fertige Bänder 
waren ungefähr 3 mm breit und 0,2 mm dick und besaßen eine Filamentdicke von 60 µm. 
 
B. WÄRMEBEHANDLUNG 
Die Wärmebehandlung der Massiv- und Bandleiterproben bestand im Wesentlichen aus 
vier Schritten und wurde in 100 % O2-Atmosphäre durchgefürt, um O2-Verluste im 
Bi-2212 auszugleichen. Sauerstoffverluste haben zwei wesentliche Einflüsse auf die 
elektrischen Eigenschaften in Kupratsupraleitern. Zum einen ändern sie den 
Valenzzustand des Cu. Sie führen zu einer Verringerung der Ladungsträgerdichte was zur 
Folge hat, daß sich Gitterabstand und Koppelung zwischen den Bi-O und Cu-O Schichten 
ändert. Daher ändert sich auch die kritische Temperatur des Supraleiters, Bild 8. Zum 
anderen fördern Sauerstoffverluste das Wachstum der unerwünschten nicht-
supraleitenden 1:1 AEC Phase (alkaline earth cuprate (Sr,Ca)CuO2). Die 1:1 AEC Phase 
wächst zu großen Blöcken heran, die auch im Sinterprozess typischerweise nicht 
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vollständig zu Bi-2212 zurückreagieren und Transportströme im Bandleiter blockieren, 
Bild 9. Die Prozeßschritte umfassen im Einzelnen: 
• Glühen, 
• partielles Anschmelzen, 
• Sintern, 
• Abkühlen. 
Im Glühschritt wurden die Proben soweit aufgeheizt, daß Verunreinigungen wie 
Kohlenoxyde, organische Verbindungen und Wasser ausgasen konnten. Die Aufheizraten 
oberhalb von 650 oC wurden auf 50 K/h begrenzt, um eine gleichmäßige Diffusion des, 
bei höheren Temperaturen ausgasenden, O2 durch den Ag-Mantel zu ermöglichen und 
Blasenbildung zu verhindern. Im folgenden Schritt wurden die Proben für einen kurzen 
Zeitraum über die partielle Schmelztemperatur erhitzt und danach wieder erstarrt. In 
diesem Schritt findet die Keimbildung kristallinen Bi-2212 statt. Ein anschließender 
Sinterschritt diente dem Zweck der Maximierung der Bi-2212 Kristallbildung und der 
Optimierung des Gefüges. Im letzten Schritt wurde der Ofen ausgeschaltet und die 
Proben, im Ofen verbleibend, abgekühlt. Diese Vorgehensweise war ein Kompromiß, da 
sich bei niedrigen Abkühlungsraten die, oberhalb von 20 K nicht supraleitende, Bi-2201 
Phase ausbilden kann. Hohe Abkühlungsraten führen jedoch zu thermischen Spannungen, 
die Mikrorisse im Bi-2212 hervorrufen, und die Transportstromtragfähigkeit im 
Bandleiter drastisch verschlechtern können. Das Wärmebehandlungsschema wurde jeder 
Probenzusammensetzung entsprechend angepaßt, um die Bildung der Bi-2212 Phase und 
das Gefüge zu optimieren. 
 
C. CHARAKTERISIERUNG 
Die Stöchiometrieen aller Pulverzusammensetzungen wurden mittels ICP-Spektrometrie 
(Inductively Coupled Plasma) überprüft. Um etwaige Änderungen im Schmelzverhalten 
der Zusammensetzungen zu erfassen, wurde Differentielle Thermoanalyse (DTA) 
angewendet. Die mikroskopischen Gefüge der wärmebehandelten Proben wurden mittels 
ESEM (environmental scanning electron microscope) und TEM (transmission electron 
microscope) untersucht. Texturveränderungen in Bandleiterproben wurden mittels 
Röntgentexturgoniometrie an longitudinalen Bandleiterquerschnitten erfaßt. EDX 
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(energy dispersive x-ray spectrometer) wurde zur Analyse der Elementverteilung des Ba 
in den Ausscheidungen eingesetzt. Änderungen der Phasenzusammensetzungen wurden 
mittels XRD (x-ray diffractometer) erfaßt.  
Um die diamagnetischen Eigenschaften der Proben im äußeren Magnetfeld zu messen, 
kamen ein SQUID-Magnetometer (superconducting quantum interference device), für 
Felder bis zu 5 T, und ein VSM (vibrating sample magnetometer), für Felder bis zu 33 T, 
zum Einsatz. 
An allen Bandleiterproben wurden Transportstrommessungen bis zu 17 T bei 4.2 K in der 
konventionellen Vierpunktmeßmethode durchgeführt. Der Grad der Anisotropie in 
Bandleiterproben wurde über die Winkelabhängigkeit des Transportstroms gegenüber 
dem Magnetfeld gemessen. Zu diesem Zweck wurde ein spezieller Probenhalter gebaut, 
mit dem die Proben im Feld gedreht werden konnten. 
Resultate 
A. OPTIMIERUNG DER WÄRMEBEHANDLUNG  
DTA Messungen zeigten, daß BaO2 mit Bi-2212 eine Reaktion eingeht. Ein Zusatz von 
2/1 BaO2 zu Bi-2212 (9.5 wt.%) führte zu einer Erniedringung des Schmelzpunktes um 
ungefähr 27 K, Bild 10. Das bedeutete für die Bandleiterproben, daß der 
Wärmebehandlungsprozeß jeder Probenzusammensetzung entsprechend angepaßt werden 
mußte, um die Gefüge zu optimieren und hohe Transportstromdichten zu erzielen. Zwei 
deutlich voneinander getrennte endothermische Scheitelwerte, die bei höheren BaO2 
Anteilen auftraten, ließen die Ausbildung eines neuen Phasenbestandteils erkennen. Im 
allgemeinen wirkt sich ein hoher Zweitphasenanteil ungünstig auf die supraleitenden 
Eigenschaften des Bi-2212 aus, weshalb die Untersuchungen an Bandleitermaterial auf 
einen Bereich von 1,90 wt.% bis 3,17 wt.% (10/1 bis 6/1 Bi-2212 zu BaO2) begrenzt 
wurden. 
 
B.  PHASENZUSAMMENSETZUNG UND GEFÜGE  
ICP Analysen am Kernmaterial kleiner nicht wärmebehandelter Bandleiterabschnitte 
zeigten, daß die Ba-Verteilung über eine größere Länge Bandleitermaterials (30 cm) für 
alle getesteten BaO2 Anteile homogen war, Tabelle 1.   
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Im Rahmen der Auflösung des ESEM wurden, in mit BaO2 versetztem 
wärmebehandeltem Bi-2212, die gleichen Phasen beobachtet, die auch in BaO2 freiem, 
wärmebehandeltem Bi-2212 zu sehen waren. EDX-Scans an polierten 
Leiterquerschnitten zeigten ebenso eine gleichmäßige Ba-Verteilung über die BaO2 
enthaltenden Proben auf mikroskopischer Skala. Bei geringen Anteilen, zwischen 
1,9 - 3,17 wt.% Ba, waren die Ausscheidungen im allgemeinen jedoch kleiner als mit 
dem ESEM auflösbar. Agglomerationen von Ba reichen Phasen waren in keiner der 
untersuchten Bandleiterproben erkennbar.  
Im Vergleich zu BaO2 freiem Leitermaterial zeigten Querschnitte polierter und angeätzter 
Bandleiterproben ein verbessertes Gefüge für Proben mit einem Anteil von 2.38 wt.% 
BaO2 (8/1). Bei einem Anteil von 3.17 wt.% (6/1) waren jedoch häufiger 
Großwinkelkorngrenzen zu beobachten, wobei teilweise auch nadelartige 
Auswachsungen des Bi-2212 in die Ag-Hülle zu finden waren, Bild 11. Diese 
Auswachsungen ließen vermuten, daß zusätzliche Wachstumsmechanismen, 
möglicherweise verursacht durch lokale Konzentrationsgradienten des BaO2, die durch 
das Hüllmaterial vorgegebene Wachstumsrichtung überwogen /E.E. Hellstrom 1995 (b)/. 
Verbesserte Textureigenschaften waren auch in röntgentexturgoniometrischen 
Messungen zu sehen, wobei wie bereits in den Mikroschliffen sichtbar wurde, daß ein 
Optimum für die BaO2 Beigabe existiert. Im untersuchten Probensatz zeigten die mit 
2.38 wt.% versehenen Bandleiterproben das höchste Maß an c-Achsen Textur, sowohl an 
der Grenzfläche zwischen Ag und Supraleiter, als auch im Innern des supraleitenden 
Kerns, Bild 12.  
XRD-Spektren wärmebehandelter Massiv-Proben zeigten im Vergleich mit BaO2 freien 
Proben zusätzliche Linien, die mit steigendem BaO2 Anteil gegenüber den Bi-2212 
Linien anwuchsen. Die Positionen der Bi-2212 Linien verschoben sich dabei jedoch 
nicht, Bild 13. Diese Resultate machten deutlich, daß BaO2 mit einem Teil des Bi-2212 
reagierte und sich eine zusätzliche Phase bildete, die auf Kosten des Bi-2212 wuchs, 
wobei Ba jedoch bei keiner der Beimengungen  in das Bi-2212 eingebaut wurde. Weitere 
XRD Untersuchungen legten nahe, daß es sich bei der neuen Phase um eine erstarrte 
Lösung, bestehend aus (Ba,Ca,Sr)BiO3, handelte, Bild 14. 
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TEM Untersuchungen ergaben, daß neben den (Ba,Ca,Sr)BiO3 Phasen in wenigen Proben 
auch kleinere Phasen, bestehend aus (Ba,Sr)O, nachgewiesen werden konnten, die in 
direkter Nähe der (Ba,Ca,Sr)BiO3 Phasen auftraten. In allen untersuchten Proben 
befanden sich die (Ba,Ca,Sr)BiO3 Phasen auf den twist-Grenzflächen des Bi-2212 mit 
typischen Größen ≤ 5 µm, die daher nicht als effektive Haftzentren in Betracht kamen, 
Bild 15. Aufgrund dieser Ergebnisse allein konnte ein möglicher Einfluß des Ba auf die 
Flußverankerungseigenschaften in Bi-2212 jedoch nicht vollständig ausgeschlossen 
werden, da unter dem TEM nur verschwindend kleine Probenbereiche betrachtet werden 
können und andere, für den gesamten Leiter representativere, Bereiche möglicherweise 
nicht erfaßt wurden. Unabhängig von den Ausscheidungen selbst, können durch die 
Ausscheidungen induzierte Wachstumsdefekte im Bi-2212 als Haftzentren wirksam sein. 
Zur Beantwortung der Frage nach den Flußverankerungseigenschaften wurden daher 
auch die elektrischen Eigenschaften der Proben erfaßt. 
 
C. SUPRALEITENDE EIGENSCHAFTEN 
Die diamagnetischen Eigenschaften, mit BaO2 versehener Bi-2212 Massivproben, 
änderten sich deutlich mit der Menge der Beigabe. In einem Bereich von 0.0 - 3.8 wt.% 
BaO2 zeigten Massivproben, mit einem Anteil von 2.38 wt.% bei 5 K und in Feldern bis 
33 T, die weitesten Hystereseschleifen, Bild 16. Ein ähnlicher Trend wurde auch in 
Irreversibilitätslinien, gemessen an Bandleiterproben für den unteren Temperaturbereich 
bis 20 K, festgestellt, Bild 17. Zu höheren Temperaturen fielen die Kurvenverläufe 
zusammen. Ursache des irreversiblen Verhaltens der Magnetisierung M(T,B) in Typ-II 
Supraleitern ist  die Flußverankerung die auch die kritische Transportstromdichte 
bestimmt. Die Messungen legten nahe, daß zusätzliche Haftzentren durch die BaO2 
Beigabe erzeugt wurden, welche in einem Temperaturbereich untehalb 20 K wirksam 
waren. Trotz des massiven Eingriffs in das Gefüge des Bi-2212 durch die Beigabe ist es 
bei keiner der Proben zu einer Verschlechterung der Flußverankerungseigenschaften 
gekommen. 
Die in den Gefügen und Magnetisierungsmessungen beobachteten Unterschiede zwischen 
BaO2 freiem Bi-2212 und mit BaO2 versetztem Bi-2212 spiegelten sich auch in den 
Transportstrommessungen an Bandleiterproben wider. Dabei war eine strenge 
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Abhängigkeit zwischen den maximalen Prozeßtemperaturen in der  Wärmebehandlung 
und den erzielbaren kritischen Transportstromdichten zu beobachten. Eine Abweichung 
von > 1 K in der optimalen Schmelztemperatur besonders in Richtung niedrieger 
Temperaturen bewirkte einen Abfall der kritischen Transportstromdichte von mehr als 
50 %. Dieses Ergebnis machte den hohen Anspruch deutlich, der an die Genauigkeit und 
Reproduzierbarkeit der Wärmebehandlungsparameter gestellt wird. Die höchsten 
gemessenen Transportstromdichten nach Optimierung der Wärmebehandlung im 
Eigenfeld und bei 4.2 K waren Jc = 1,1⋅105 A/cm2 für Bi-2212 ohne Beigabe, 
Jc = 1,2⋅105 A/cm2 für einen Anteil von 3,17 wt.% BaO2 und Jc = 2,1⋅105 A/cm2 für einen 
Anteil von 2,38 wt.% BaO2, Bild 18. Deutlich höhere Transportstromdichten wurden an 
Proben mit 2,38 wt.% BaO2 auch in Magnetfeldern bis zu 17 T bei 4.2 K gemessen, 
Bild 19. Ein Maß für die Schärfe des Übergangs supraleitend/normalleitend ist der 
n-Wert, der Exponent der I(U) Kurve, der auch von den Flußverankerungseigenschaften 
des supraleitenden Materials bestimmt wird. Es zeigte sich daß die n-Werte für Proben 
mit einem 2,38 wt.% BaO2 Anteil am größten waren. In Ic(θ,B) Messungen, wobei θ die 
Orientierung der kristallographischen c-Achse gegenüber dem Magnetfeld ist, zeigte sich 
deutlich ein größeres Maß an Anisotropie in Bandleiterproben mit einem Anteil von 
2,38 wt.% imVergleich zu Proben mit höheren oder niedrigeren Beigaben, Bild 20. 
Dieses Ergebnis bestätigte die verbesserten Gefüge, die für diesen BaO2 Anteil an 
Bandleiterproben in den röntgentexturgoniometrischen Messungen gemessen wurden. 
Schlußfolgerungen 
BaO2 Beimengungen beeinflussen deutlich das Schmelz- und Erstarrungsverhalten des 
Bi-2212. BaO2 Beigaben reagierten mit Bi-2212, wobei sich als ein Reaktionsprodukt  
fein verteilte Ausscheidungen bildeten, die hauptsächlich aus (Ba,Sr,Ca)BiO3 bestanden. 
In Massiv- und Bandleiterproben wurde eine deutliche Verbesserung des Bi-2212 
Gefüges durch die BaO2 Beigabe nachgewiesen. Dabei zeigte sich ein Optimum für 
2.38 wt.%, das einem molaren Verhältnis von 8 Bi-2212 zu 1 BaO2 entspricht. Mit dieser 
Beigabe wurden auch die höchsten Transportstromdichten in Magnetfeldern bis zu 17 T 
gemessen. 
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Als ein Grund für die verbesserten Transportstromdichten wird angenommen, daß sich 
durch die Beigabe die Zusammensetzung der partiellen Schmelze ändert, wobei sich 
weniger Bi-2212 Keime ausbilden, die dann im weiteren Verlauf der Wärmebehandlung 
zu größeren Kristalliten heranwachsen können. 
Für die effektive Verankerung von Flußlinien erscheinen die Ausscheidungen zu groß zu 
sein. Die Verbesserung der Flußverankerung für Temperaturen unterhalb von 20 K wurde 
daher hauptsächlich auf eine größere Anzahl an Wachstumsdefekten im mit BaO2 
versetztem Bi-2212 zurückgeführt. 
Zusammenfassend kann gesagt werden, daß sich mit kleinen BaO2 Anteilen Textur und 
Flußverankerung in Bi-2212 im Temperaturbereich unter 20K verbessern und sich höhere 
Transportstromdichten erzielen lassen. Im Hinblick auf eine Verbesserung der 
Flußverankerungseigenschaften zu höheren Temperaturen sind weiterführende 
Untersuchungen zur systematischen Optimierung der Größen und Anzahl der 
Zweitphasenausscheidungen möglich.  Dabei ergeben sich folgende Angriffspunkte: 
• Gezielte Änderung der Bi-2212 Ausgangsstöchiometrie zur Steuerung der 
Zweitphasenanteile, die in der Reaktion mit BaO2 entstehen. 
• Einbau geringer Ba Anteile in Sr und Ca defizitäres Bi-2212 mit dem Ziel 
Wachstumsdefekte zu erzeugen, die als effektive Haftzentren dienen können. 
• Unter Ausnutzung des thermodynamischen Ungleichgewichts im partiellen 
Schmelzprozeß und der Komplexität des Bi-2212 Phasenfeldes ergibt sich die 
Möglichkeit durch eine Änderung des Prozeßschemas den Einbau nicht-
supraleitender Einschlüsse in die supraleitende Matrix anzuregen: Eine Möglichkeit 
ist, BaO2 zusammen mit einem Vormaterial in Bi-2212 Stoichiometrie zu reagieren, 
das jedoch keine Bi-2212 Phase enthält. In der sich anschließenden 
Wärmebehandlung könnten dann Ba-reiche Ausscheidungen in die, sich gleichzeitig 
bildende, Bi-2212 Phase eingebaut werden, Bild 21.  
Trotz zahlreicher, bereits vorhandenen Untersuchungen ist das Potential, das in sowohl 
mit reaktiven als auch mit inerten Beigaben versetzten Hochtemperatursupraleiter-
materialien steckt, noch lange nicht erfaßt. Weitere umfangreiche 
materialwissenschaftliche Untersuchungen sind auf diesem Gebiet nötig. 
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Bild 1: Supraleitung im elektrischen Anlagenbau der Zukunft, mit weitreichender Nutzung supraleitender 
Generatoren und Motoren, Fehlerstrombegrenzer, unterirdischer Kabel und supraleitender Energiespeicher 
/D. Larbalestier et al. 1997/. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 2: Wettbewerbsfähigkeit der U.S.A. in elektrischer Energietechnik im Hinblick auf (a) supraleitende 
Werkstoffe, hoch-Tc Leitertechnologie, und (b) supraleitende Materialien nutzende Systemtechnologie /D. 
Larbalestier et al. 1997/. 
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Bild 3: Kritische Stromdichten bei angelegten Feldern für eine Auswahl verschiedener kommerziell 
erhältlicher Supraleiter. Bei hohen magnetischen Feldern zeigen Hochtemperatursupraleiter auf Bi-Basis 
deutlich höhere kritische Stromdichten als Tieftemperatursupraleiter des Nb-Ti und Nb3Sn Typs.  
 
 
 
 
 
 
 
 
 
  
XII 
 
 
 
 
 
 
 
 
Bild 4: Elementarzelle des Bi-2212 Supraleiters, hier dargestellt ohne den (1/2,1/2,0) Versatz in der 
Zentralebene. Die komplette Elementarzelle besteht aus vier Formeleinheiten mit pseudotetragonaler 
Symmetrie. Die Gitterparameter sind Åc 7.30= , und ÅÅba 4.585.32 =⋅=≅ . Eine Halbzelle ist aus 
zwei verschiedenen Schichten zusammengesetzt. Die eine Schicht besteht aus SrO/CuO2/Ca/CuO2/SrO 
Ebenen, und weist eine perovskitartige Struktur auf. Die CuO2 Ebenen in dieser Schicht dienen der 
elektrischen Leitung. Die andere Schicht besteht aus SrO/(BiO)2/SrO Ebenen und liegt in NaCl-Struktur 
vor. Die (BiO)2 Ebenen in dieser Schicht dienen als Ladungsreservoir.  
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Bild 5: Längenskala der Inhomogenitäten, wie sie typischerweise in Hochtemperatursupraleitern auftreten 
gegenüber ihrer Effektivität als potentielle Haftzentren. Sehr kleine nicht-supraleitende Ausscheidungen, 
die in den Sub-Mikrometerbereich (Bereich der Kohärenzlänge des Bi-2212) hineinreichen, können als 
effektive Haftzentren dienen. 
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Bild 6: Strukturdiagram der Untersuchungen, die im Rahmen dieses Projekts durchgeführt wurden. 
Gegenstand der Untersuchungen war es, detaillierte Informationen über den Einfluß von BaO2 Beigaben 
auf das Gefüge und die supraleitenden Eigenschaften von Bi-2212 zu erhalten, mit dem Ziel einer 
Eignungsabschätzung für Bi-2212 Bandleiteranwendungen. Da der Einfluß auf Gefüge und supraleitende 
Eigenschaften, außer von dem BaO2 Anteil, auch von anderen Parametern, wie zum Beispiel Bedingungen 
der Probenherstellung und Wärmebehandlungsparameter, abhing, mußten auch diese Paramter erfaßt und 
ausgewertet werden. Aufgrund der zu erwartenden Inhomogenitäten, speziell in Bandleiterproben, wurden 
neben Meßmethoden, die das lokale Umfeld der Proben erfaßten auch solche angewendet, die eine 
Abschätzung der Probeneigenschaften auch auf größeren Längen erlaubten.  
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Bild 7: Produktionsschema zur Herstellung von Bandleitern nach dem “powder in tube” (PIT) Verfahren., 
Um ein Zerbrechen während der Umformschritte zu vermeiden, kann das Hüllmaterial zwischendurch 
getempert werden. Bei AgMg Legierungen findet dieser Schritt unter Ar-Atmosphäre statt, um eine 
vorzeitige Oxidation des Mg und damit ein Aushärten der Leiterhülle zu vermeiden. Die Anzahl der 
Temperschritte ist allerdings klein zu halten, da zu weiches Hüllmaterial bei der Umformung 
Fließinstabilitäten des Pulverkerns begünstigt, die zu unregelmäßigen Dicken der supraleitenden Seele 
führen. Dieser Effekt ist in der Literatur auch als “sausaging” bekannt /W.W. Wang 1996/. 
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Bild 8: Beziehung zwischen Tc und der Löcherkonzentration in Bi-2212. Der Pfeil markiert die Region 
überhöhter Lochkonzentration, die typisch ist für Bi-2212, das unter Umgebungsluft oder Sauerstoff 
wärmebehandelt wurde /T. Hatano 1996/. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 9: Allgemeines Wärmebehandlungsschema, wie es prinzipiell auf alle Proben in diesem Projekt 
angewendet wurde. Um ein Überschießen der Temperaturregelung zu vermeiden waren die Aufheizraten 
bei Annäherung an die Temperaturplateaus in allen Prozeßschritten ≤ 50 oC/h. Die gestrichelte Linie 
oberhalb des Graphen markiert die Ag-Schmelztemperatur. 
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Bild 10: DTA (differential thermal analysis) Kurven des Bi-2212 bei wachsendem BaO2 Anteil. Oberhalb 
von 3,17 wt.% BaO2 bildet sich neben dem Bi-2212 Schmelzpunkt ein zweiter Scheitelwert zu niedrigeren 
Temperaturen hin aus, der die Bildung einer neuen Phase anzeigt. 
 
 
 
 
 
 
 
 
 
 
 
Tabelle 1: Ba Verteilung in nicht-wärmebehandelten, jeweils 3 cm langen Bandleiterabschnitten gemessen 
mit ICP (inductively coupled plasma). Es zeigt sich, daß die Ba-Verteilung über größere Längen 
Leitermaterial homogen ist. Die Standardabweichung vom Mittelwert ist ± 0.03 wt.%. 
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Bild 11: Gefüge dreier polierter und geätzter Bandleiterquerschnitte mit 0,0 wt.% (a), 2,38 wt.% (b), and 
3,17 wt.% (c) BaO2 Anteilen. Im Vergleich mit den anderen Proben zeigt die 2,38 wt.% Probe eine 
deutliche Tendenz zu längerem Bi-2212 Kristallwachstum. Bei einer Zugabe von 3,17 wt.% BaO2 ist ein 
Anstieg in der Anzahl an Großwinkelkorngrenzen klar zu sehen.  
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Bild 12: Polfiguren mit (a) 0,0 wt.%, (b) 2,38 wt.%, und (c) 
3,17 wt.% BaO2 versetzter Bandleiterproben. Die Daten 
zeigen eine gute c-Achsen Textur in allen Proben. Innerhalb 
des Probensatzes hat die 2,38 wt.% Probe die am stärksten 
ausgeprägte c-Achsen Textur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 13: XRD (x-ray diffraction) Spektren gemessen an gesinterten (820 oC) Bi-2212 Massivproben mit 
wachsendem Ba-Anteil. Die Bildung einer zusätzlichen Phase, die auf Kosten des Bi-2212 wächst, ist in 
den Spektren deutlich zu erkennen. (Die 4/1 Beigabe wurde mittels Ba-II-Methoxylpropoxid durchgeführt). 
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Bild 14: XRD Spektren von Bi-2212 Massivproben mit hohen BaO2, BaBiO3 und BaCuO2 Anteilen im 
Vergleich zu BaCuO2 und BaBiO3 Massivproben. Die Spektren zeigen deutlich, daß BaCuO2 als Beigabe 
zu Bi-2212 während der Wärmebehandlung nicht stabil ist. Alle Proben mit Beigaben zeigen nach der 
Wärmebehandlung XRD-Linien die mit dem Spektrum des BaBiO3 verwandt sind. Die systematische 
Verschiebung der Linien zu größeren Winkeln zeigt jedoch auch, daß es sich hierbei nicht um die reine 
BaBiO3 Phase handelt. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 15: TEM (transmission electron microscopy) Bild einer Bandleiterprobe mit 2.38 wt.% BaO2 Anteil. 
Die markierten Regionen wurden folgenden Phasen zugeordnet, 1: Bi-2212, 2: (Ba,Ca,Sr)BiO3, 3: 
(Ba,Sr)O.  
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Bild 16: (a) Weiten magnetischer Hysteresekurven gemessen mit dem SQUID-Magnetometer 
(superconducting quantum interference device) bis 5 T bei 5 K an massivem Bi-2212 mit BaO2 Anteilen 
zwischen 0,0 – 3,8 wt.%. Die weitesten Hysteresen wurden in Proben mit 2,38 wt.% Anteil gemessen. 
(b) Weiten magnetischer Hysteresekurven gemessen mit dem VSM (vibrating sample magnetometer) bis 
33 T bei 5 K an Bandleiterproben mit 1,9 wt.% und 2,38 wt.% Anteilen. Die Probenorientierung gegenüber 
dem Magnetfeld war B || c. Das Rauschen im unteren Feldbereich war auf ein mechanisches Problem mit 
dem Probenhalter zurückzuführen. 
 
0
5
10
15
20
25
30
35
40
45
0 1 2 3 4 5
Applied Field /T
M
a
gn
et
iz
a
tio
n
 
H
ys
te
re
s
is
 
W
id
th
 /A
m
2 /k
g 0.00 wt.%
1.90 wt.%
2.38 wt.%
3.17 wt.%
3.8 wt.%
T = 5 K
0
5
10
15
20
25
30
0 5 10 15 20 25 30 35
Applied Field /T
M
ag
ne
tiz
at
io
n
 H
ys
te
re
si
s 
W
id
th
 /A
m
2 /k
g
1.9 wt.% 
2.38 wt.% 
T = 5 K 
  
XXII 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 17: Irreversibilitätslinien gemessen an Bandleiterproben mit BaO2 Anteilen zwischen 0,0 – 3,17 wt.%. 
Die Orientierung der Proben gegenüber dem Feld war B || c. Unterhalb von 20 K ist eine etwas höhere 
Irreversibilität in Proben mit BaO2 Anteilen deutlich zu erkennen was auf eine leicht verbesserte 
Flußverankerung in diesem Temperaturbereich hindeutet. 
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Bild 18: Kritische Transportstromdichten in Abhängigkeit zur maximalen Prozeßtemperatur zum Zweck 
der Optimierung der Wärmebehandlung für Bi-2212 Bandleiterproben mit (a) 0,0 wt.%, (b) 2,38 wt.%, (c) 
3,17 wt.% Ba-Anteilen. 
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Bild 19: Kritische Transportstromdichten in Abhängigkeit vom äußeren Magnetfeld gemessen an 
wärmebehandlungsoptimierten Bi-2212 Bandleiterproben mit 0.0 - 3.17 wt.% BaO2 Anteilen bei 4.2 K. Die 
mit 2.38 wt.% versetzte Probe zeigt die höchsten Transportstromdichten im Probensatz in Magnetfeldern 
bis zu 17 T. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 20: Verhältnisse der kritischen Transportstromdichten Ic/Ic0, gemessen an Bandleiterproben mit 
0,0 wt.%, 2,38 wt.% und 3,17 wt.% BaO2 Anteilen, in Abhängigkeit  des Winkels zwischen Bandnormalen 
(kristallographische c-Achse) und angelegtem Magnetfeld. Niedrigere Transportstromverhältnisse als in 
den Bandleiterproben mit 0,0 wt.% und 3,17 wt.% BaO2 bei θ = 90o lassen deutlich ein höheres Maß an 
Anisotropie in der Bandleiterprobe mit 2,38 wt.% BaO2 Anteil klar erkennen. 
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Bild 21: Vorschlag für ein Verarbeitungschema mit dem Ziel einer gezielten Ba-Einbringung in die Bi-
2212 Phase. Als Vormaterial dient Pulver, das nicht in der Bi-2212 Phases, jedoch in Bi-2212 
Stoichiometrie vorliegt.  
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2. INTRODUCTION AND GOALS 
 
2.1 Advantages of HTS-materials over LTS-materials 
 
On the fifth International Superconductivity Industry Summit in Japan 1996 (ISIS-5), it 
was agreed that the world market for electric power devices based just on 
superconductivity is going to exceed $ 10 billion by the year 2010, Figure 2.1. About 
fifteen years after the discovery of high temperature superconductivity in copper-oxide 
compounds (La-Ba-Cu-O /J.G. Bednorz, K.A. Müller 1986/) followed by the discovery 
of a whole system of copper-oxide superconductors shortly afterwards (Y-Ba-Cu-O 
/M.K. Wu et al. 1987/, Bi-Sr-Ca-Cu-O /H. Maeda et al. 1988/, Tl-Ba-Ca-Cu-O /Z.Z. 
Shen 1988/, Hg-Ba-Ca-Cu-O /A. Schilling et al. 1993/), high temperature su-
perconductors are now joining this market, Table 2.1. The technical importance of 
finding alternatives for LTS materials and the leading role material science would take in 
it has been recognized very early /P.R. Sahm 1968/. The advantages of HTS technology 
over LTS technology are not completely obvious and mainly depend on the requirements 
of the individual application rather than their all over efficiency. For some applications 
the efficiency margin of HTS technology operating under liquid nitrogen may be 
marginal in comparison to LTS technology with its required liquid helium environment. 
For example, for a large (>100 MW) ac-synchronous machine, the impact on the machine 
efficiency derived from the 20 – 25 times reduction in refrigerator power consumption 
offers no major economic advantage. Even complete elimination of refrigerator power 
consumption would increase the efficiency only by ~0.02 % for a 300 MW rating /R.D. 
Blaugher 1996/. More important than improvement of the efficiency is, however, that the 
use of a liquid nitrogen environment would lead to reduced costs for the refrigeration 
plant and reduce the complexity and space requirements of the cryogenic design, for 
example by using cryo-coolers. Higher operating temperatures not only reduce 
refrigeration costs but also enhance reliability as HTS conductors offer higher stability 
compared to LTS conductors. The specific heat of the stabilizers at liquid nitrogen 
temperature - typically Cu for LTS materials and Ag for HTS materials - is for Ag 
approximately three orders of magnitude higher compared to Cu, which makes the HTS 
  
2
Figure 2.1: Superconductivity in the electric power system of the future, with widespread use of 
superconducting generators and motors, fault-current limiters, underground transmission cables, and 
superconducting magnetic energy storage /D. Larbalestier et al. 1997/. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.1: U.S. competitiveness in power applications of (a) superconducting materials high Tc wire 
technology, and (b) applications of superconducting materials systems technology /D. Larbalestier et al. 
1997/. 
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conductor to be inherently more stable. In addition, the critical heat flux, i.e. the peak 
nucleate boiling or transfer from nucleate to film boiling, is higher for 77 K liquid 
nitrogen than for liquid helium by over an order of magnitude. These combined thermal 
properties make it possible to maintain adiabatic stability at filament sizes much larger 
than those of LTS conductors /R.D. Blaugher 1997/. More than 40 high Tc substances are 
known by now. Among those, there are four major superconducting systems with more 
than 10 superconducting phases, which can be used at liquid nitrogen temperature:  
• Y(Re)-Ba-Ca-Cu-O: 1987 by Wu et al., YBa2Cu3O7 has a high irreversibility field of 
more than 10 T at 77 K. Though there has been much progress in the research of the 
production of long length tapes its application is still limited on bulk material like 
current leads and thin films, /A.P. Malozemoff et al. 2000, A. Goyal et. al 1996/. 
• Bi-Sr-Ca-Cu-O: 1988 by Maeda et al., appear in two common stoichiometries 
Bi2Sr2Ca1Cu2O8 and Bi2Sr2Ca2Cu3O10, with Tc = 85 K and 110 K, respectively. Bi-
based materials show highest current densities in long-length wires and tapes and are 
currently tested in high power cables and insert magnets, / L. Masur et al. 2000, H. 
Kitaguchi et al. 2000, A.P. Malozemoff et al. 1999, U. Balachandran et al. 1998, T. 
Hase et al. 1998, K. Watanabe et al. 1998, H.W. Weijers et al. 1999/. Thermally 
assisted flux flow above 20 K, however, puts restrictions on the applications of these 
materials and applications are still limited to the low temperature regime. 
• Tl-Ba-Ca-Cu-O: 1988 by Herman et al., appear in four common stoichiometries 
Tl2Ba2Ca1Cu2O8, Tl2Ba2Ca2Cu3O10, Tl1Ba2Ca1Cu2O6, and Tl1Ba2Ca2Cu3O8 with 
critical temperatures between 85 K and 120 K. 
• Hg-Ba-Ca-Cu-O: 1988 by Schilling et al., appear in two common stoichiometries 
Hg1Ba2Ca1Cu2O6 and Hg1Ba2Ca2Cu3O6 with Tc = 125 K and 135 K, respectively. The 
last two groups are crystallographically similar to the Bi-Sr-Ca-Cu-O group but 
exhibit highest Tc values. The content of thallium and mercury, however, makes them 
highly toxic and much precaution is necessary to process them safely. Major research 
is now going on finding alternative synthesis paths and on film development, /J. Su et 
al. 2000, P.V.P.S.S. Sastry et al. 1998, Ch. Wolters et al. 1996/. 
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For technical applications Y(Re)-Ba-Ca-Cu-O and Bi-Sr-Ca-Cu-O become more 
interesting with Y(Re)-Ba-Ca-Cu-O dominating the field of thin films and 
Bi-Sr-Ca-Cu-O dominating the field of bulk materials and wires.  
Among the Bi-based superconductors there is competition in the suitability for 
large-scale applications between the two major phases Bi-2212 and Bi-2223. Up to now, 
however, Bi-2212 is the preferred material for high field applications at low 
temperatures, because of its straight forward and well understood thermo-mechanical 
processing. In Bi-2212 the superconducting phase forms directly out of the melt and 
exhibits a high degree of texture and uniformity along interfaces. Bi-2223 forms along 
Bi-2212 grains in a diffusion process requiring hundreds of hours of processing time. In 
Bi-2223 conductor production, elaborate deformation processes have to be applied, which 
are not only applied to produce a homogeneous core and interface but also to generate a 
high degree of texture in the “green” conductor material to achieve high current densities. 
Finding easier ways to process Bi-2223 or finding ways to improve the performance of 
Bi-2212 at elevated temperatures will determine the future of each of those materials. 
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2.2 Structure and Properties of Bi2Sr2Can-1CunO2n+4 Superconductors 
 
All high-Tc oxide superconductors are ceramics with planar crystalline structures of 
cuprate-based perovskite-layered units in mixed valence states. In the Bi-based 
superconductors these layers consist of Sr- and Ca-copper oxides. The typical perovskite 
stoichiometry ABO3 actually requires a copper oxide compound (Sr,Ca)CuO3, which, 
however, does not form because copper does not exist in the valence state Cu4+. This 
valence constraint is overcome by the introduction of an oxide layer containing the 
trivalent ion Bi3+. The mixed valence-state, however, causes some superconducting 
phases to be unstable. The host, which is in a different valence-state compared to the 
substituents, tends to compensate for this by changing the oxygen stoichiometry of the 
compound, causing the bond lengths to change with the valence states, producing 
interlayer strain.  As in all high temperature superconducting materials, a reflection plane 
exists in the center of the unit cell with two mirrored identical half-cells above and below 
that plane.  
In Bi2Sr2Ca1Cu2O8, the top half-cell is shifted by (1/2,1/2,0) towards the lower half cell. 
Each Bi2Sr2Ca1Cu2O8 cell contains two CuO2 double-layers sandwiched between the 
other metal-oxide layers. In the highest Tc compounds there are also metal layers without 
oxygen between the copper-oxide layers. In Bi-oxide compounds these layers consist of 
Ca. The layers follow a stacking rule so that each metal ion in adjacent layers alternates 
between edge and center sites, Figure 2.2.1. The result is a two-dimensional strongly 
anisotropic structure with micaceous behavior. The layered anisotropic structure is also 
reflected in the anisotropy of the electronic behavior of the copper-oxide based 
superconductors. The Brillouin zones of copper-oxide based superconductors are 
compressed in kz direction. The electron energy bands typically show a sharp peak around 
the main symmetry direction X and have a flat shape in the vertical Γ to Z direction, so 
that the electrons have a high effective mass and therefore low mobility in z direction, 
Figure 2.2.2. The normal conducting properties clearly reveal the two-dimensionality of 
this type of superconductor; they also determine its anisotropic properties in the 
superconducting state. In oxide superconductors, the copper-oxide layers 
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Figure 2.2.1: Unit cell of Bi-2212 shown here without the shift of (1/2,1/2,0) in the center plain. The 
complete unit cell consists of four formula units and has pseudotetragonal symmetry with lattice parameters 
Åc 7.30= , and ÅÅba 4.585.32 =⋅=≅ . A half-cell consists of two kinds of layers. One is a layer 
consisting of SrO/CuO2/Ca/CuO2/SrO, which has the structure of a perovskite type. This layer is called the 
conduction block, in which the CuO2 planes function as the conduction plane of the superconducting 
current. The other layer is a SrO/(BiO)2/SrO layer, which has the structure of NaCl type. This layer is 
called the insulating block, in which the (BiO)2 planes contribute as a charge reservoir.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.2: Typical band structure of an anisotropic high temperature superconductor, here Tl-2201. 
The flat shape of the band along the Γ to Z direction indicates high effective electron mass and therefore 
low electron mobility in z direction. 
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are commonly referred to as conduction blocks separated by insulation blocks. In the 
conduction blocks flows a current consisting of p-type charge carriers in a or b direction, 
which is fed by the insulation block. Two very important quantities, which are influenced 
by the two-dimensionality, are the penetration depth of the magnetic field and the 
coherence length, Table 2.2.1. They link to the very specific pinning properties in these 
materials. Since the transport current is limited on the a b-planes, it is of essential 
importance for practical applications, to apply methods that enhance texture in these 
materials to improve their transport properties.  
All Bi-cuprate based superconductors have a tetragonal structure and a- and b-axes that 
are nearly equal in size with a ≅ b ≅ 5.4 Å. The c-axes vary between 25 - 37 Å because 
each additional CuO2 layer elongates the c-axis by about 6 Å. Many oxide 
superconductors exist as homologues, which makes it difficult to synthesize pure single-
phase materials. Bi-cuprate based superconductors encompass the series  
Bi2Sr2Can-1CunO2n+4+d with n = 1, 2, 3, 4, 
which differ mainly in the number of CuO2 layers per unit cell. With the number of holes 
provided by each CuO2 layer, the critical temperature of Bi-cuprates rises with an 
increasing number of CuO2 layers, 20 K at n = 1, 80 - 90 K at n = 2, 110 K at n = 3, and 
decreases for n = 4. The Bi-2234 phase, has not been synthesized as pure phase but is 
known to exist as small impurity phase in the other Bi-cuprate based superconducting 
phases. ∞→n  yields the “infinite layer” superconductor, e.g. (Sr,Ca)CuO2 with 
Tc = 110 K, which is stable solely at highest pressures. Most of the research work on Bi-
cuprates focussed on the phases with n = 2 and 3, the Bi2Sr2CaCu2O8+d (Bi-2212) and the 
Bi2Sr2Ca2Cu3O10+d (Bi-2223) as their critical temperatures exceed the temperature of 
liquid nitrogen. Bi-2201 is irrelevant for technical applications because of its low critical 
temperature. Bi-2212 and Bi-2223 are the most popular materials for magnet 
applications, because wires and tapes can more easily be fabricated compared to other 
superconducting systems. Long length of tapes that are several hundreds of meters can be 
produced.  
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2.3 Pinning Centers in Bi-2212 
 
Bi-2212 tape conductors have demonstrated large current densities in high fields at 4.2 K. 
High grain alignment and good intergrain connectivity is easily obtained using standard 
mechanical deformation and heat treatment processes, which largely reduces the problem 
of weak link behavior. On the other hand, the Tc values are not sufficient for applications 
that require operating temperatures of 77 K or higher. The major limitation of Bi-based 
materials is their poor flux pinning properties, particularly at temperatures above 20 K. In 
spite of that limitation, there has been significant progress in the development of Bi-2212 
insert coils for magnets and current leads. Several prototype electric power systems using 
Bi-2223 superconductor have been demonstrated. Improving the flux pinning 
characteristics of these materials means to enormously increase their commercial 
potential.  
There is a basic guiding principle to improve flux pinning in the high temperature region. 
The most important factor is to decrease anisotropy of the superconductor to create 
stronger interlayer coupling and a rigid flux-line lattice (intrinsic pinning). The next most 
important is the introduction of disorder (extrinsic pinning). A measure of the anisotropy 
of the superconducting state is the ratio Γ = m/mz of the effective masses of the quasi-
particles for motion within the conduction layer to those for motion normal to the planes. 
Typical values for the most common superconductors are Γ(Y-123) = 26, and Γ(Bi-
2212) = 3000, which is extremely large /P.H. Kes et al. 1990/.  
Following methods have been established to improve pinning in high temperature 
superconductors.  
Improvement of intrinsic pinning: 
• Heat treatment under pure oxygen changes the superconductor stoichiometry by 
increasing the oxygen content. This is also called overdoping. Overdoping leads to an 
increase of the Cu-valence in the Cu-O planes to an effective value of Cu3+. An 
increase of the Cu-valence leads to a reduction in the binding length between Cu 
and O, and therefore to a reduction of anisotropy in the superconductor lattice. For 
Bi-based superconductors with their extremely high anisotropic unit cells the effect 
gained by overdoping is limited. 
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• Changing the lattice parameters by substituting part of the elements in the host with 
elements of smaller sizes /L.M. Palius et al.1993, P.L. Paulose et al. 1993, W. Qin 
1993/. 
Improvement of extrinsic pinning by disorder due to small defects: 
• In polycrystalline samples there is always a certain amount of natural growth defects 
present. The amount of growth defects, however, can increase as a byproduct of 
additions that artificially enhance pinning. 
• Defects can be introduced by mechanical methods. Shock waves applied to a sample 
lead to small dislocations, which can act as pinning centers /S.T. Weir et al. 1990, 
L.E. Venturini et al. 1989, L. Seaman et al. 1989/. 
• Small dislocations can also be introduced by irradiation by neutrons or heavy 
particles, which produce dislocation columns along their trajectories /Y. Kazumata et 
al. 1996, J. Schwartz 1993/. 
Improvement of extrinsic pinning by introduction of disorder by small particles: 
• The introduction of nano-sized carbon tubes can yield effective pinning sites. Besides 
the difficulty of arranging an ordered network of carbon tubes inside the conductor, 
the thermal instability of the system is a problem for technical applications. Part of 
the carbon can react with the oxygen of the conductor forming CO2 and cause 
blistering in clad-conductors /S.-L. Huang et al. 1999 and 1997, K. Fossheim et al. 
1995/. 
• Nano-sized inert particles like MgO are added to the superconducting precursor. 
These Particles are then embedded inside the superconducting grain during the heat 
treatment process. This method has been proven to successfully create pinning centers 
in Bi-2212 and enhancing its magnetization properties /P.E. Kazin et al. 1995/. 
Transport properties, however, suffered /W. Wei 1998/. 
• Small portions of reactive chemical additions are added to the precursor, which 
consume part of the host to form second phase precipitates during the heat treatment 
process. To be effective as pinning centers the sizes of these precipitates should be in 
the order of the coherence length of the host, Figure 2.3.1. 
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Table 2.2.1: Characteristic superconducting properties of the most common copper-oxide based 
superconductors in comparison with the two most common low-Tc materials NbTi and NbSn3. 
 
 
 
Figure 2.3.1: Length scale of inhomogeneities as they typically occur in high temperature superconductors 
and their effectiveness on the pinning properties. Small second phases reaching down to the sub-
micrometer scale can act as pinning centers.  
 
Material Tc /K * /mc/mab Bc /T
Nb-Ti 9.5 -
Nb3Sn 18 - 4.40E-01
ab: c: ab: c: ab: c: ab: c:
YBa2Cu3O7-δ ~ 90 1.2-4.3 0.2-0.7 27-130 180-550 25-40 0.06-0.09** 0.025** 150 40
Bi2Sr2CaCu2O8+δ ~ 85 2.7-3.9 0.045-0.16 500 3000 0.65 >200 89
Bi2Sr2Ca2Cu3O10+δ ~ 110 1.0-2.9 0.020-0.09 200 1000 250 30
*) average values measured on bulk
**) extrapolated
compiled from: Ch.P. Poole et al. 1995, M. Cyrot 1992, HTSC data base of NIST - Boulder, CO (http://www.ceramics.nist.gov), several sources
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The most successful method to introduce artificial pinning centers by now is the creation 
of engineered defects on sub-micron scale length with neutron and heavy ion irradiation. 
Irradiation techniques, however, are not suitable for large-scale applications, as they 
require a nuclear reactor as particle source and excessive treatment times. An even more 
severe disadvantage is the short penetration depth of ions and the low thermal stability of 
defects in high temperature superconductors. Therefore a more promising alternative 
method to produce small non-superconducting regions is generating them by chemistry. 
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2.4 Reactive Additions 
A variety of additions have been studied in the past and some of them have been credited 
for improving microstructure, creating effective artificial pinning centers and improving 
the diamagnetic properties of the host, Table 2.4.1. Transport critical current 
measurements, however, have been accomplished only in a few cases. Since one of the 
scopes of this investigation is to evaluate added Bi-2212 superconductor material for its 
suitability in technical applications, this work will also focus closely on the effects 
additions have on the transport properties of doped Ag-clad tape conductor. 
Before applying additions on tape conductors it is necessary to evaluate which criteria a 
successful candidate should fulfill and how the superconducting matrix’ response to the 
addition should be during partial melt and resolidification. Following key-features have 
to be fulfilled by a suitable candidate: 
• Weak tendency to form eutectic reactions during heating to avoid segregation and 
coarsening of the second phases. Rapid heating can suppress these effects. Rapid 
heating, however, contradicts the requirements for tape as well as wind & react coil 
production (moderate temperature gradients are required to avoid bubbling due to 
rapid pressure build-up by oxygen or residual gases). 
• Minimal alteration of the peritectic-melt and crystal-growth responses, which affect 
the yield of the formed superconducting phase. 
• Incorporation of nanometer-scale phases into growing superconductor grains during 
cooling, which might act as artificial pinning centers. 
• Addition may partly substitute into the lattice enhancing the intrinsic pinning 
properties of the host. Overdoping and reduction of superconducting properties can 
occur if addition substitutes directly, as oxide, into the Bi-2212 lattice /Y. Xu et al. 
1998/. 
• Tendency not to produce weak linkage and affect inter-grain connectivity and texture. 
If the above requirements are fulfilled, the decisive criteria will be the improvement 
of superconducting properties and especially improvement of the transport 
characteristics of doped Bi-2212. 
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Superconductor Dopant method, nominal composition amount Microstructure
Bi2Sr2CaCu2O8 (Bi-2212) BaTiO3 added to powder 25 mol% nanosize precipitates within SC-grains
Bi2Sr2CaCu2O8 (Bi-2212) SrZrO3 added to precursor 20 mol% submicron, inert, resides on grain boundaries
Bi2Sr2CaCu2O8 (Bi-2212) MgO whisker added to powder 9 - 30 wt% inert, micronsize distributed particles
Bi2Sr2CaCu2O8 (Bi-2212) Al2O3 added to powder 25 mol% reacts, forms AEA precipitates
Bi2Sr2CaCu2O8 (Bi-2212) MgO added to powder 0 - 8 vol% inert, micronsize distributed particles
Bi2Sr2CaCu2O8 (Bi-2212) PbO substituted in precursor (Bi) 0 - 60 at% precipitates, small grains, loss of texture
Bi2Sr2CaCu2O8 (Bi-2212) SrCO3 added to precursor 30 at% replacing Ca precipitates
Bi2Sr2CaCu2O8 (Bi-2212) Ga2O3 substituted in precursor (Bi, Cu) 0 - 100 at% substitutes Bi and Cu
Bi2Sr2CaCu2O8 (Bi-2212) Li2O2 substituted in precursor (Cu) 0 - 30 at% substitutes, changes growth kinetics of second phases
Bi2Sr2CaCu2O8 (Bi-2212) Ga2O3 substituted in precursor (Cu) 0 - 200 at% reacts, forms precipitates
Bi2Sr2CaCu2O8 (Bi-2212) Nd, Pb substituted in precursor (Sr, Ca) 0 - 60 at%; 0 - 40 at% Pb substitutes Bi, Nd substitutes Sr, Ca
Bi2Sr2Ca2Cu3O8 (Bi-2223) UO4 added to powder 0.3 wt% inert, as fission source
Bi2Sr2CaCu2O8 (Bi-2212) Ni added to powder 0.025 wt% inert, distributed particles
Bi2Sr2Ca2Cu3O8 (Bi-2223) BaCO3 substituted in precursor (Ca) 0 -10 at% reduced Bi-2223 phase formation
Bi2Sr2CaCu2O8 (Bi-2212) PbO added to precursor 60 at% reduced texture, higher isotropy
Bi2Sr2Ca2Cu3O8 (Bi-2223) MgO nanosize addition to powder 5 wt%, > 10 wt% deleterious inert, micronsize MgO, inducing planar defects
Bi2Sr2CaCu2O8 (Bi-2212) PbO added to precursor 70 at% nanoscale amorphous regions and dislocations
Bi2Sr2Ca2Cu3O8 (Bi-2223) B2O3 added to precursor 0 - 0.05 wt% B improved texture, changes growth kinetics
Bi2Sr2Ca2Cu3O8 (Bi-2223) SiC nanosize addition to powder 0 - 2 wt%,  0.15 wt% optimum precipitates, improved texture
Bi2Sr2CaCu2O8 (Bi-2212) MgO addition to powder, in-field processing 10 wt% inert, improved texture
Bi2Sr2CaCu2O8 (Bi-2212) MgO added to powder 0 - 5 wt% reduced population, size of second phases, less texture
Bi2Sr2CaCu2O8 (Bi-2212) MgO nanosize addition to powder 0 - 20 at% inert, micronsize MgO
Bi2Sr2CaCu2O8 (Bi-2212) C carbon nanotubes added to powder 0 - 3 wt% inclusions, change of phase composition
Bi2Sr2CaCu2O8 (Bi-2212) Ti substituted in precursor (Cu) 4 - 10 at% clusters of antiphase boundaries in a,c plane
Bi2Sr2CaCu2O8 (Bi-2212) Li2O2 substituted in precursor (Cu); added to powder 0 - 45 at% substitutes Cu, some interstitial Li remaining
Bi2Sr2Ca2Cu3O8 (Bi-2223) B2O3 added to precursor 0 - 0.05 wt% B improved texture, changes growth kinetics
Bi2Sr2Ca2Cu3O8 (Bi-2223) MgO nanosize addition to powder 5 wt% inert, micronsize MgO, inducing planar defects
Bi2Sr2CaCu2O8 (Bi-2212) Al2O3 added to powder 1 wt% uniform phase composition, reacts, forms AEA precipitates
Bi2Sr2CaCu2O8 (Bi-2212) C carbon nanotubes added to powder 0 - 3 wt% inclusions, change of phase composition
Bi2Sr2Ca2Cu3O8 (Bi-2223) LiNO3 added to precursor 0 - 30 at% increased formation of Bi-2212 phase
Bi2Sr2CaCu2O8 (Bi-2212) Sr0.5Ca0.5In2O4 added to precursor 0 - 100 mol% reacts, In-rich phase forms micron size rods,
resides in Bi-2212 and grain boundaries
Bi2Sr2CaCu2O8 (Bi-2212) Al2O3 nanosize addition to powder 25 mol% reacts, forms AEA precipitates
Bi2Sr2CaCu2O8 (Bi-2212) ZrO2 nanosize addition to powder 25 mol% reacts, forms AEZ precipitates
Bi2Sr2CaCu2O8 (Bi-2212) SnO2 nanosize addition to powder 25 mol% substitutes, forms precipitates
Bi2Sr2CaCu2O8 (Bi-2212) TiO2 nanosize addition to powder 25 mol% reacts strongly, forms precipitates
Bi2Sr2CaCu2O8 (Bi-2212) Fe2O3 nanosize addition to powder 25 mol% substitutes Cu, forms precipitates
Bi2Sr2CaCu2O8 (Bi-2212) ZnO nanosize addition to powder 25 mol% forms solid solutions
Bi2Sr2CaCu2O8 (Bi-2212) Y2O3 nanosize addition to powder 25 mol% prevents formation of s/c phase
Bi2Sr2CaCu2O8 (Bi-2212) BaCO3 substituted in precursor (Sr) 0 - 30 at% substitutes Sr, c-axis increased
Bi2Sr2CaCu2O8 (Bi-2212) Pb substituted 0 - 60 at% substitutes Bi
Bi2Sr2CaCu2O8 (Bi-2212) Bi-Sr-Ca-Al-O added to precursor 0 - 80 mol% reacts, precipitation of aluminate phases
Bi2Sr2CaCu2O8 (Bi-2212) C added to powder as contamination nanosize precipitates found
Bi2Sr2CaCu2O8 (Bi-2212) Al2O3 added to powder 25 mol% reacts, precipitation of nanosize aluminate phases
Bi2Sr2CaCu2O8 (Bi-2212) Ni impurity in single crystal 0 - 2 wt% substitutes Cu 
Bi2Sr2CaCu2O8 (Bi-2212) Y2O3 substituted in precursor (Ca) 0 - 36 at% substitutes Ca
Bi2Sr2Ca2Cu3O8 (Bi-2223) Hf added to powder 0.1 at% enhances crystallization, improves grain alignment
Transition, Tc Magnetization Transport Source
- enhanced at 5 K, 5 T - K.C. Goretta et al. 1997
- enhanced at 5 K, 5 T enhanced P.E. Kazin et al. 1995
- enhanced irreversibility line - N. Adamopoulos et al. 1995
8 K depressed enhanced at 6 K, 5 T - K.C. Goretta et al. 1998
- enhanced at 4.2 K, 5 T and 15 K, 0.5 T - B. Ni et al 1998
- irreversibility lines unchanged, 20 - 50 K not enhanced A. Crossley et al. 1998
not affected enhanced at 30 - 70 K - P. Majewski 1995
20 K depressed pinning not improved - N. Kannan 1992
increased reduced irrevesibility at 30 K - J. Schwartz et al. 1993
depressed enhanced at 5 - 10 K, 9 T - L. Dimesso et al. 1994
depressed enhanced at 30 K, 0.4 T - T. Rentschler 1992
- enhanced at 77 K, 3 T (due to radiation damage) enhanced (due to radiation) S. Tönies et al. 1999
- enhanced before Ni saturated then reduced - Y. Fuwa 1997
19 K depressed reduced - S.A. Halim et al. 1999
- enhanced irreversibility line at 50 K enhanced R. Funahashi et al. 1999
- enhanced irreversibility line enhanced X. Wan et al. 1998
- - - M. Nishiyama et al. 1999
- enhanced at 77 K enhanced L. Jiang et al. 1998
unchanged (2wt% affected slope) - enhanced Y.C. Guo et al. 1999
slightly increased - enhanced, 77 K, 100 mT S. Pavard et al. 1998
- enhanced at 30 K, 2.5 T; lower flux creep rate enhanced, 4.2 K, 2 T S.-L. Huang et al. 1996
not affected enhanced at 27 K, 3 T; enhanced irreversibility line - W. Wei 1998 and et al. 1998
8 K depressed MOI, increased field of first flux entry - S.-L. Huang et al. 1997
12 K depressed enhanced at 17 K, 0.5 T; enhanced irreversibility line- T.W. Li et al. 1997
10 K increased similar as undoped - S. Wu 1994 and 1995
- enhanced at 77 K - L. Jiang et al. 1998
5 K increased enhanced irreversibility line - X. Wan et al. 1998
- - enhanced T.G. Holesinger 1996
8 K depressed MOI, increased field of first flux entry - S.-L. Huang 1999
- - 10 % enhanced, 4.2 K,14 T S. Kambe et al. 1998
unchanged increased at 30 K - P.E. Kazin et al. 1998
11 K depressed, sharp - - Y. Xu et al. 1998
6 K depressed - - Y. Xu et al. 1998
2 K slightly depressed enhanced pinning - Y. Xu et al. 1998
32 K depressed enhanced pinning in lower concentration - Y. Xu et al. 1998
55 K depressed - - Y. Xu et al. 1998
26 K depressed pinning not improved - Y. Xu et al. 1998
not superconducting - - Y. Xu et al. 1998
enhanced, 12 K - - B. Yang 1996
3 K slightly depressed enhanced, enhanced irreversibility line - I. Chong 1997
unchanged enhanced at 60 K - P.E.Kazin 1997
- enhanced at 5 K - K.C. Goretta et al. 1995
- enhanced at 5 K - K.C. Goretta et al. 1996
- <= 1 at% enhanced pinning - R. Noetzel 1998
91.5 K at optimum substitution 28 at% enhanced irreversibility line - G. Villard 1996
unchanged - enhanced M. Ishizuka 2000
Table 2.4.1: Selective overview on publications about dopings and additions in Bi-based superconductors.
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2.5 Approach and scope 
 
Several studies have been conducted on doping and adding non-superconducting 
materials to high temperature superconductors in the recent past in order to improve the 
properties of these materials. Reference material, however, is far from being complete. 
Dopants and additions influence a variety of the material’s properties of high temperature 
superconductors. It is therefore necessary to cover the whole path beginning with the 
synthesis of the modified material down to the investigation of the superconducting 
properties of bulk- and conductor-material, like powder-in-tube processed tapes. This 
investigation deals with the Bi-2212 phase. Bi-2212 has some important advantages 
towards other high temperature superconductors. Its phase is stable in a wide range of 
stoichiometry and it is more stable than the other conductor candidates Y-Ba-Cu-O, Tl-
Ba-Ca-Cu-O, and Hg-Ba-Ca-Cu-O. It achieves reasonable texture in a partial melt 
process, is compatible with metallic interfaces and shows high transport properties in 
conductors, Figure 2.5.1. Especially the compatibility with metallic interfaces is still 
subject of intense research around the other three superconducting compounds. One 
drawback in Bi-2212, however, is the lower irreversiblity line compared to the other high 
temperature superconductors due to weak flux pinning, which can be overcome by 
controlled texturing and introduction of artificial pinning centers using dopants or 
additions.  
Controlled processing a complex material like Bi-2212 is difficult since there are many 
parameters, which are cross-linked. Changes in the stoichiometry, for example, can alter 
the reaction characteristics and kinetics of the compound and changes of the processing 
parameters may therefore be necessary to restore or optimize the properties of the 
material. These influences require a high number of samples to be investigated. To keep 
the project surveyable it will be necessary to focus on few vital parameters, whereas in 
some cases literature- or empirical values will be accepted and applied. 
The additions investigated in this work were Y-oxides and Ba-oxides. Both were 
assumed to either substitute or react with part of the Bi-2212 matrix material altering its 
microstructural and superconducting properties. It has been shown that Y2O3 substituted 
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Figure 2.5.1: In-field critical current densities for several types of commercially available superconductors. 
Bi-based high-temperature superconductors show higher critical current values than the low-temperature 
superconductors Nb-Ti and Nb3Sn at high magnetic fields. 
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easily into the Bi-2212 lattice reacting Y2O3 together with a Ca deficient precursor /G. 
Villard et al. 1996/. In another study it was shown that doping Bi-2212 with Y2O3 
decreased the electronic anisotropy of the host by adjusting the oxygen uptake and 
therefore inducing a higher interlayer coupling strength /K. Kishio et al. 1994/. High 
amounts of Y2O3 (25 mol%) added directly to Bi-2212 have been shown to destroy 
superconductivity of the host /Y. Xu et al. 1998/. 
This investigation focuses on the effects Ba-oxides exert on the microstructural and 
superconducting properties of Bi-2212. It is known that Ba occurs as impurity in the Bi-
2212 precursor powders /SCI Inc. 1997/. Ba is in the same homologue as Ca and Sr. With 
an ionic radius of 1.29 Å, Ba is only slightly larger than Sr with 1.1 Å. Therefore Ba 
might either substitute into the Bi-2212 lattice or react with it to form non-
superconducting second phases and alter microstructure, pinning, and transport 
properties. Hence this study will include following topics: 
• Study of the melting behavior of Ba-oxide added Bi-2212, which may differ 
considerably from undoped Bi-2212. 
• Fabrication of pellets and Ag-clad monofilament Bi-2212 tapes containing various 
amounts of Ba-oxide. An optimum amount of the addition may exist.  
• Optimizing the heat-treatment process for each addition, which may be necessary in 
case Ba-oxide additions changes the melting behavior of Bi-2212. 
• Evaluating microstructure and superconducting properties of Ba added Bi-2212 
pellets tape samples, focussing on achieving homogeneous texture and high critical 
current densities. 
It is not a scope of this investigation to produce a ready-to-run multi-filament tape. This 
would require a completely different setup for the tape manufacturing involving large 
investments. Keeping the geometry of the coated conductor samples as simple as possible 
also promises a smaller amount of processing parameters to be controlled and reduces the 
risk of uncertainties in the data analyses. 
This investigation is thought to contribute to, and broaden the information base available 
to properly evaluate the capacities of Bi-2212 as possible conductor material, 
Figure 2.5.2. 
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Figure 2.5.2: Structure diagram of the investigations done within this project. The goal is to achieve 
widespread and detailed information about the property changes of BaO2 added Bi-2212 to assess its 
suitability for conductor applications. Since the effects on microstructure and superconducting properties 
not only depend on the addition itself, but also on many other influences that occur along with sample 
manufacturing and the heat-treatment process, careful monitoring of all relevant and partially 
interdependent parameters has to be done. It is necessary to apply a range of analysis methods to assess 
sample properties not only on a local but also on larger length scale. 
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3. EXPERIMENTAL 
3.1 Materials 
3.1.1 Powder Preparation 
For applications purposes five important properties of the powders are most crucial for 
the production of superconducting wires or tapes /D.W. Yuan 1996/: 
• Overall composition, 
• Chemical purity, 
• Average particle size, 
• Shape of grains, 
• Low content of contaminants, especially CO2, in some cases water. 
The easiest way to produce Bi-2212 precursor material is by a solid state reaction mixing 
together the single components as oxides Bi2O3, SrCO3, CaCO3, CuO in the desired 
stoichiometry. The Sr and Ca components are added as carbonates, because SrO and CaO 
are extremely hygroscopic and tend to pick up water from the atmosphere to form 
hydroxides or carbonates. To increase the efficiency of the reaction, the oxides are 
provided as fine grain powders. Bi-2212 is then formed in an iterative process of 
calcination and regrinding until the reaction is complete. The product typically contains 
large grains. Due to the high amount of processing steps, impurities can be easily 
introduced especially during grinding and additional care must be taken to remove them. 
In this reaction path carbonates can be problematic, as they are abundant in the oxide 
precursors. 
Another method, applied by Hoechst (now Aventis/Alcatel-Nexans), is the melt-casting 
process, in which binary oxides with a selected stoichiometric cation ratio are first melted 
and then cast into a copper mold. The casting is then subsequently ground to specific 
particle size requirements and the powder product is then annealed under oxygen to 
adjust the oxygen stoichiometry. 
More common in large-scale superconducting powder production, are the coprecipitation 
and aerosol-spray-pyrolysis methods. Both methods begin with mixed stoichiometric 
metal-salts dissolved in HNO3, which leads to a very intimate mixture of the cations. In 
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the coprecipitation method a base is added and particles of the desired phase precipitate 
out of the solution. Organic rests are then burned off at elevated temperature.  Critical 
with this method is that the solubility products of the components typically differ from 
each other. Not all cations will precipitate out at the same pH-value, causing segregation. 
Hence the precipitate composition can differ from the final composition. It can be 
necessary to additionally heat-treat the precipitate to complete the reaction in a solid state 
reaction type of process. 
In the aerosol-spray-pyrolysis method the solution is passed at high pressure through a 
fine nozzle and sprayed through a high temperature furnace. The superconducting powder 
is then precipitated on a filter at the end of the hot zone in the furnace. An advantage of 
this method is that it can yield powders with very small average particle sizes (below 
2 µm) and low carbon content. It can also operate on a semi-continuos basis to produce 
large quantities. A disadvantage is that the powder typically is not fully reacted and has to 
be heat-treated afterwards to complete the reaction. 
Another method in producing superconducting materials is the sol-gel or polymer-matrix 
method. In a sol-gel process alkoxide solutions are prepared and transformed into a gel 
through polymerisation and condensation. Heat treating at elevated temperatures yields 
the superconducting phase /A. Sotelo et al. 1997/. This method is widely used and yields 
excellent grain sizes and grain alignment in coated conductors. It is, however, more often 
used for producing superconducting films rather than bulk material /S. Yoshizawa 1996, 
E.E. Hellstrom 1994/. 
Good powder compaction is essential prior to any wire or tape production. High packing 
densities are attributed to a wide particle size distribution, where small particles fill into 
the interstices of densely packed large particles. Compacts containing a certain amount of 
large particle sizes tend to display less strength. This is important as it leads to less 
resistance in the mechanical deformation process and higher dimensional uniformity of 
the deformed core /D.W. Yuan 1996/. Powder compaction essentially consists of two 
stages: 
• Rearrangement of particles within the compact  accompanied by elastic deformation 
to fill voids that are about the same size as the particles, 
• Plastic deformation and fragmentation to fill smaller voids. 
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Plastic deformation can refine the powder only up to a certain degree. Therefore it is 
desirable to achieve a homogeneous distribution of fine particle sizes prior to 
compaction. Extensive dry-milling, however, leads to decomposition of Bi-2212 into 
non-superconducting oxides such as (Sr,Ca)2CuO3, CuO and an amorphous phase 
/M. Yavuz 1998/. 
The powders used in this investigation were purchased from Superconductive 
Components Inc. (SCI) and were produced in the coprecipitation process using nitrite 
solutions of the metal-oxides and Tetra-methyl ammonium hydroxide and tetra-methyl 
ammonium carbonate as precipitant and for pH adjustment /S. Sengupta et al. 1999, 1998 
and 1997/. The particle size distribution was measured using centrifugal sedimentation 
(Horiba CAPA 7000). A tiny amount of powder is filled into a transparent sample 
chamber and suspended in ethanol, Together with a reference chamber, which contains 
only the solvent, the sample chamber is put into a centrifuge. A light source shines 
through the sample and reference. The instrument then calculates the particle size 
distribution based on measuring the change in the optical absorbance of the suspension as 
a function of time. In this calculation time is proportional to I / d2, where d is the particle 
size diameter and I is the intensity of the transmitted light. To reduce the carbon content 
in the powders used in this investigation the powders were heat-treated at 820 oC under 
flowing oxygen. This led to partial sintering of the particles and the heat-treated powders 
were dry-milled in an agate mortar to establish good particle size distributions. It has 
been shown that dry-milling is most efficient for particle size reduction /M. Yavuz 1998/. 
The particle sizes of the powders were then measured to about 2 µm in average. This 
value is in the typical range of commercial powders. The distributions are not too sharply 
peaked indicating that the powders also contain a sufficient amount of smaller particles, 
fill interstices and obtain good packing densities, Figure 3.1.1.  
Most Bi-2212 powders used for technical applications are slightly out of the ideal 
stoichiometry. There are two reasons to prefer non-stoichiometric Bi-2212: 
• Improving Phase purity of the reacted Bi-2212. 
• Loss of Bi during heat treatment. 
Bi-2212 melts incongruently and does not recrystallize into phase pure Bi-2212 because 
of its complex phase-diagram. Adjusting the composition of the precursor can increase 
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the yield of the desired phase when the actual composition is moved towards the center of 
the 2212-phase regime, which assures higher phase stability during melt processing, 
Figure 3.1.2. 
Bi has an increased fugacity at high temperatures compared to the other constituents in 
the Bi-2212 powder, which especially affects surface coated conductors and bulk material 
since they offer free surfaces. To compensate for the loss of Bi, a surplus of Bi can either 
be added to the precursor or alternatively the heat treatment can be accomplished under 
Bi atmosphere by co-heating Bi2O3 powder close to the sample /P.J. Majewski 1996, W. 
Zhang 1996, S. Wu 1994/. 
The nominal stoichiometry of the powders used in this investigation was 
Bi2.1Sr1.7Ca1.2Cu2O8, which was confirmed with Inductively Coupled Plasma (ICP) 
analysis (Perkin Elmer, Plasma II) within the typical errors of ± 1.0 wt.% for Bi and 
± 0.5 wt.% for all other elements, Table 5.2.1. 
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Figure 3.1.1: Particle size distributions and average particle sizes of the SCI powder batches 
SCI3587SCP3, which was a pure Bi-2212 powder, and SCI4067SCP3, which was added with BaO2 during 
the precursor manufacturing state. All powders were produced applying the coprecipitation process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.2: Processing temperature versus (a) Bi-content of the Bi-2212 phase, and (b) versus Ca content 
of the Bi-2212 phase. The parameters x and y refer to BixSr2CaCu2O8+δ and Bi2.18Sr3-yCayCu2O8+δ /P.J. 
Majewski 1996/. The stoichiometry used for powders in this investigation was Bi2.1Sr1.7Ca1.2Cu2O8+δ to 
ensure high phase stability during melt processing. 
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3.1.2 Bulk Sample Preparation 
Bulk material was widely used in this investigation mainly because it is much easier to 
produce than tape conductor that has to pass through a large amount of production steps. 
Though the microstructure of bulk samples generally does not resemble that of sheathed 
conductor material, it is very useful for studying trends in phase formation, local 
developments of microstructure, and magnetic properties. Depending on the density and 
size of the bulk sample, it can be more affected than tape material by convection 
processes and thermal gradients. Pellet samples were produced in a variety of Ba/Bi-2212 
compositions including the compositions that were used for tape production. Pellets from 
undoped powders were made for comparison. Powders were pressed in a uniaxial 
hydraulic press under a pressure of about 140 MPa in a steel die with an inner diameter of 
7 mm. The pellets had a typical thickness between 2-3 mm and a weight of about 200 mg 
each. Before heat-treatment each pellet was wrapped in Ag-foil to establish an interface 
comparable to that of Ag-clad tape and to avoid reaction with the alumina paper, which 
was used as spacer material, or the alumina crucibles themselves. All pellets were then 
subjected to the same heat-treatment schedules as the tapes. 
To investigate the influence of a concentration gradient of the Ba dopant on 
microstructural and compositional properties of Bi-2212, diffusion couples were 
prepared. A layer of heavily BaO2-doped Bi-2212 powder was pressed on a green pellet 
consisting of undoped Bi-2212. These composite pellets were then tightly wrapped in 
Ag-foil and heat-treated in upright position with the pellet’s normal parallel to the axis of 
the furnace to achieve homogeneous heating and suppress gravitationally driven effects 
on the components in the transition layer of the sample. Diffusion layers produced with 
this setup were sufficiently pronounced but not too sharp. In general, sharp transitions 
can be achieved by sintering the substrate and then coating it. Experiments, however, 
revealed that the coating layer tended to over-melt before any reaction with the substrate 
would occur, because of the large difference in the melting temperatures of undoped and 
highly BaO2-doped Bi-2212, Figure 3.1.3.   
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3.1.3 Conductor Manufacturing 
There are four major ways of manufacturing high temperature superconductors: 
• Powder in tube (PIT) process, 
• Dip coating and other ceramic coating methods, 
• Deposition of biaxially textured thin films on textured buffer layers or substrates, 
• Bulk growth technique. 
The first three methods are suitable for wire and tape production, while the latter one is 
used for bulk rods and tubes. Deposition methods, however, are still limited on laboratory 
scale and research is going on in making these processes suitable for long length 
production /R. Wördenweber 1999, S.L. Huang 1999, D. Bäuerle 1998, A. Goyal et al. 
1998, N.M. Alford 1997/. 
As opposed to coating methods, the PIT process is a non-continuous batch process that 
can be usefully scaled up to large-scale production and is by now the most common 
among HTS wire production processes. The material of choice for the sheathing material 
is Ag and Ag-alloys. Ag has a low electrical resistance, which is important for good 
quench recovery in case of a local breakdown of superconductivity. It is chemically 
stable at high temperatures, permeable to oxygen, and is chemically compatible with the 
Bi-2212 /T. Kawai et al. 1989, R.A. Outlaw 1988 et al. , J.H. Park 1990, W. Gao 1991, 
J.A. Parell 1994/. Although quenching studies and differential thermal analysis (DTA) 
showed that Ag reduces the melting temperature of Bi-2212 compositions, it forms a 
suitable interface upon which the HTS core material can grow /Th. Lang 1997, C. Park et 
al. 1996, D.R. Dietderich 1990, M. Takano 1988/. Pure Ag, however, is not the most 
ideal cladding material. Its mechanical stability is low and its coefficient of thermal 
expansion does not match with the Bi-2212 phase. In particular is the thermal expansion 
coefficient in the crystallographic a,b-direction much lower than in the c-direction, a 
property that is based in the anisotropic structure of the Bi-2212, Figure 3.1.4. This 
implies that thermocycling affects the performance of tape and care has to be taken to 
further stabilize the conductor. Additionally the cost of Ag-clad conductor is relatively 
high. For use in practical applications, in which a higher mechanical load resistance is 
desired, Ag-alloys are applied. The most important requirement for a suitable alloying 
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Figure 3.1.3: Diffusion couple consisting of a Bi-2212 pellet with a layer of BaO2 / Bi2212 pressed onto it. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.4: Thermal expansion coefficient of Ag and Bi-2212 along the crystallographic a,b, and c-axis 
versus temperature measured by (i) dilatometry, and (ii) x-ray diffraction. In both cases a large mismatch 
between Ag and Bi-2212 is visible /Cryodata Inc., (i) M. Okaji et al. 1994, (ii) M. Mouallem-Bahout 1994/. 
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material is that it does not react with the Bi-2212 during the heat-treatment process. 
Experiments with Ag-Mg-Ni alloys, like Consil 995, showed improved mechanical 
properties. Reactions of the Ni with the Bi-2212, however, affected transport properties 
/J.A. Parrell 1994/. Ternary alloys have been tested containing Ag, Au, Mg or Ag, Pd, 
Mg. These alloys showed excellent mechanical properties but suffered lower electrical 
and thermal properties /T.-W. Kim et al. 2000, K. Fischer et al. 1998/. AgMg alloys have 
been proven to be a good compromise in the choice of a strong interface material /B.C. 
Prorok et al. 2000/. AgMg alloys act as dispersion hardening alloys. During heat 
treatment under oxygen, MgO particles form and precipitate from the Ag-matrix. 
According to the Orowan model, small precipitates prevent dislocations from freely 
moving through the material. Defect lines have to move around the dispersed particles, 
leaving defect-ring structures behind, increasing the effective diameter of the particles. 
The following defect line then needs higher tension to by-pass the particles, and the 
material hardens, Figure 3.1.5. It was shown that yield stresses in AgMg tapes improved 
by an average of 300 % relative to pure Ag tapes /Y. Viouchkov 1999/. Too high 
amounts of Mg, however, lead to over-hardening of the sheath during heat treatment, 
making it brittle. Mg additions also reduce the permeability of oxygen through Ag and 
can affect the oxygen stoichiometry in the Bi-2212, which can eventually reduce Tc. A 
low oxygen environment can also shift the balance between desired and non-desired 
phases in the partial melt affecting the microstructure of the processed Bi-2212 conductor 
/M. Quilitz 1998, A. Endo 1993/. Therefore the amount of Mg in Ag has to be kept low. 
A typical amount used for superconducting coil development at the NHMFL was 
1.2 wt.% /H.W. Weijers et al.1998, 1999 and 2000/. Instead of changing the composition 
of the sheath, co-winding with Mg reinforced Ag-tapes has been applied successfully in 
the manufacturing of pancake coils /K. Watanabe et al. 1998/. Other approaches to 
mechanically stabilize Bi-2212 conductors consist of controlling the growth of the Bi-
2212 phase. Flexible whiskers that have been grown into lengths between 2 - 10 mm and 
cross sections ranging from 2 -  100 µm with Jc values of 104 A/cm2 at 77 K, 0 T can be 
used to mechanically reinforce the composite itself /S. Ramanathan 1997, T.E Oskina et 
al. 1995, I. Matsubara et al. 1993 and 1989/. Another study reported improvements in 
  
27
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.5: Model of precipitation hardening: A displacement line moving through a crystal hits small 
particles that distort the line. With increasing tension the displacement line moves on leaving behind defect 
rings around the particles. The defect rings increase the effective particle diameter 2r and decrease the 
effective particle distance l   /J.W. Martin 1982/. 
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both mechanical strength and superconducting properties by adding MgO-whiskers to the 
superconducting phase /Y.S. Yuan 1996/. 
 
The Bi-2212 precursor is typically produced via a spray pyrolysis or coprecipitation 
process. Besides high phase purity spray pyrolysis and coprecipitation yield small 
average particle sizes allowing high initial packing densities in powder metallurgical 
processes. In the PIT process the superconducting powder is filled into a Ag or Ag-alloy-
tube and mechanically densified. The dimensions of the tube are chosen to fulfill two 
important requirements: The sheathing material should be thick enough to facilitate the 
deformation process and the final sheath thickness should be large enough to satisfy 
mechanical and electrical stability criteria for a wide range of applied currents. For the 
electrical stability it is: 
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with 
αst :=  Stekley-parameter,  I := max. current transferred to conducting matrix, 
ρM := specific resistance of  matrix,  AM := thickness of matrix, 
uMeff := heat transfer coefficient,  hMB := outer circumference of matrix, 
Tc := critical temperature,   TB := temperature of bath, /M. N. Wilson 1983/. 
For typical sheath thicknesses of around 50 µm (3.1.1) is easily fulfilled for a wide range 
of applied currents. 
 
The mechanical deformation has a high impact on the quality of PIT processed tapes, 
which can be categorized as follows: 
• Dimensions of the final tape, 
• Homogeneity of geometry and density of the core material, 
• Degree of core density to achieve good texture. 
The latter two conditions are directly related to the superconducting properties of the 
tape. It is important to start with billets having high initial packing densities, since it 
results in wires of longer length and thinner sheath thickness, which means higher 
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superconductor to sheath ratio, and less void space /D.-W. Yuan 1997/. There are two 
common methods to produce a billet, cold isostatic pressing (CIP) and hand packing. 
Another successfully applied method to produce powder compacts is the shock-loading 
method, which is densifying a loosely packed pellet by the force of an explosive charge 
/M. Kikuchi 1995/. 
In the CIP process, a cylindrical rubber bag is filled with the superconducting powder and 
compacted isostatically in a high-pressure oil bath. The powder compact is then cut out of 
the bag an inserted into the tube. Since the powder slug is not pressed in a die, the 
diameter tends to vary and the tube has to be machined individually according to the 
results of the pressing. This complicates efforts to compare a series of tapes, having 
various sheath to superconductor ratios /J. Parrell 1996/. In addition, there has to be a gap 
to fit the core into the tube. This reduces part of the gain in the initial packing density of 
CIP’ed PIT compounds. In hand-packed PIT compounds, powder is filled and densified 
by portions. The disadvantage towards cold isostatic pressing (CIP) is a considerable 
inhomogeneity in the density of the powder along the length of the silver tube. The 
effects of the local inhomogeneities, however, diminish along the following processing 
steps. It is known from experiments that loosely packed billets soon reach the same 
density as billets with higher initial densities /M.S. Sarma 1997, M. Karuna 1995/. The 
average final Ag to superconductor ratios, however, will be different and hence affect the 
reproducibility of this type of process. 
After filling, the tube is sealed and successively drawn or extruded to a round wire of 
small diameter. During drawing the density of the core increases to a certain limit and 
additional drawing does not improve the density further since the forces necessary to 
break the crystallites in the compressed powder into smaller particles exceed the applied 
forces. Hydrostatic extrusion appears to provide a better wire. It ensures higher 
compressive stress on the ceramic powder during the deformation, leading to a better 
compaction of the powder. In hydrostatic extrusion, however, the length of the billet is 
limited to the length of the extrusion chamber. 
For multifilament conductors, the final drawing step includes a hexagonal die and the 
wire is drawn into hexagonal shape and restacked into a silver or silver alloy tube and 
drawn again to form a wire with typical 7, 19, 37, 55, 61, 85 or higher numbers of 
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filaments. Both monofilament and multifilament wire are then rolled successively to final 
thicknesses between 0.1- 0.2 mm and widths between 3 – 6 mm. The tape is then 
subjected to a partial melt process at temperatures between 800 – 900 oC, in which the 
Bi-2212 phase forms. A generic overview of the PIT-process is given in Figure 3.1.6. 
For the Bi-2212 tapes used in this investigation, the PIT process was used throughout. As 
sheath material pure Ag-tubes were used for the billets and a starting Ag to core ration of 
2:1 was chosen. The Bi-2212 powder, produced in a coprecipitation process, was 
commercially obtained from Superconductive Components Inc. (SCI) as non-added 
powder and powder to which the Ba-oxide component was added during the 
coprecipitation process at SCI. The powder was produced with a nominal stoichiometry 
of Bi2.1Sr1.7CaCu2Ox, which is slightly off the ideal chemical composition. This 
composition has been proven in earlier studies to optimally suit processing purposes 
/P. Majewski 1996, K.H. Sandhage 1991/. To the undoped Bi-2212 powders Ba was 
added either as Ba-containing oxide-powders or as Ba-oxide containing organic solutions 
(both obtained from Alfa-Aesar). The added powders were BaO2 and BaCO3 with a 
purity of 99 +% and the solution consisted of Ba-II-methoxypropoxide diluted in 98 % 
1-methoxy-2-propanol. Following molar ratios of Bi-2212/Ba were produced for bulk 
and tape samples: 1:0, 10:1, 9:1, 8:1, 7:1, 6:1, 1:1, which correspond to weight ratios of 
0.0, 1.54, 1.71, 1.93, 2.2, 2.57, 5.26 wt% Ba. The added powders were than mixed by dry 
hand grinding in an agate mortar. To reduce contamination with CO2 the processing steps 
for the BaO2 additions, eventually used for the wire fabrication, were accomplished in a 
glove box under oxygen atmosphere. For the Ba additions in the form of organic 
solutions, Ba-II-methoxypropoxide was added to the Bi-2212, and a slurry was produced 
using 1-methoxy-2-propanol as solvent to improve miscibility of the components. The 
slurry was then heated in the mortar to about 50 – 80 oC and stirred until all of the solvent 
evaporated and the remainder was ground for an additional few minutes. To remove the 
residual carbon, the powders used in the wire fabrication were heat-treated under flowing 
oxygen at 820 oC for 10 h. The annealed powders were again ground for at least 30 min 
and subsequently packed into silver tubes. These steps were carried out under oxygen 
atmosphere in the glove box. Each silver tube had a length of 14 cm, an outer diameter of 
1.27 cm, and an inner diameter of 0.89 cm. The silver tubes were obtained from Pyromet 
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and had a purity of 99.9 % according to the company’s specification. Before packing, the 
silver tubes were thoroughly cleaned in ultrasonically using toluene and acetone and were 
afterwards annealed for 3 h at 350 oC under flowing argon to improve ductility. 
SnPb-plugs of approximately 2 cm in length were cast into the ends of the tubes as a seal. 
To avoid contact between the SnPb alloy and the Bi-2212, little cups made from Ag-foil 
were pressed into the tubes, which served as a spacer between the SnPb alloy and the 
Bi-2212, Figure 3.1.7. Packing of the tubes was done by filling in small amounts of 
powder of about 1 g, which were then densified with a clean steel rod after each portion. 
This method led to billets with fairly high average density. Considerable scatter in the 
local densities, however, was observed, Figure 3.1.8. The final average density of the 
densified powders in the billets was around 50 % of the theoretical value of 6.6 g/cm3 for 
a single crystal and was determined by measuring weight and inner volume of the empty 
tubes and the weight of the filled tubes Table 3.1.1, /Karuna 1995/. In other studies true 
powder densities have been determined with a helium pycnometer, measuring the volume 
of the gas at standard pressure that fills the pores of a known volume that is filled with a 
compacted powder sample of known weight. A typical value for Bi-2212 of about 
6.45 g/cm3 has been reported, which is close to the theoretical value /D-W. Yuan 1997 
and 1998/. 
After filling, the open ends of the tubes were sealed with a cast SnPb-plug in the same 
manner as described above. 
A PIT composite cannot be packed to full density. Higher densification can only be 
reached during successive swaging, drawing and milling steps. It has been shown that 
drawing to higher strains before rolling leads to higher core packing densities 
/M. Satou 1994/. 
The filled and sealed billets used in this investigation were swaged to 10.1 mm in 
diameter. To avoid loosening of the cast plugs during swaging, the ends of the billets 
were swaged first before the whole billet passed the machine. With this setup, soft plugs 
in a hard tube, it was possible to reduce the risk of exposing the core due to breaking of 
the ends at the transition plug-to-Bi2212 during the deformation steps. After swaging, the 
billets were drawn on a hydraulic drawing bench to a wire with a diameter of 2.1 mm at a 
drawing speed of approximately 2 cm/s. Following these steps, the ends with the plugs 
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Figure 3.1.6: Structure diagram of the powder in tube (PIT) process to manufacture superconducting tapes. 
The silver tubes can be annealed between the deformation steps to avoid breaking. With AgMg alloys the 
annealing takes place under argon to avoid early oxidation of the Mg followed by precipitation hardening. 
The number of annealing steps, however, should be kept at a minimum, since a too soft sheath promotes 
flow instabilities during the deformation steps causing thickness variations of the core material commonly 
known as sausaging /W.W. Wang 1996/. 
 
Figure 3.1.7: Sketch of packed billet. To avoid contact with contaminant gases the billet is sealed in 
controlled environment with a cast SnPb plug. A little cap made from Ag foil isolates the Bi-2212 from the 
SnPb. 
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Figure 3.1.8: Increment of length versus portion of added Bi-2212 powder following densification during 
packing of the billets. The inner tube diameter was 0.885 cm for all billets. Shown are the data for the (a) 
0.0 wt.%, (b) 2.38 wt.%, and (c) 3.17 wt.% BaO2 added billets. Comparison of the data reveals good 
reproducibility of the manufacturing process. The scatter in the data indicates local changes of density in 
the packed billet. The density of packed billets was about 50 % of the theoretical value of 6.6 g/cm3. 
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were cut off and the wire was again annealed under flowing oxygen for 3 h at 350 oC. 
The wires were then rolled in many steps with small reduction rates to typical final 
thicknesses of about 0.2 mm, Figure 3.1.9. The average density of fully processed tapes 
was about 75 % of the theoretical value, which was determined by etching away the 
silver and measuring size and weight of the remaining core, Table 3.1.1. The etching 
solution consisted of 2.5:1 NH4OH and H2O2 (30 vol.%) diluted in methanol. Since all of 
the manufactured conductors were mono filament tapes, this result is slightly lower than 
final densities of about 80 % that are reported to be typical for some multi filament tapes 
/Z. Han 1997/. Green tapes typically have lower densities than heat-treated tapes, since 
Ag becomes plastic at high temperatures and is able to creep. If the Ag-sheath is thin 
enough it can follow the contracting core /J.L. Reeves 1999, K.C. Goretta 1996/. To 
achieve high critical current densities it is desirable to achieve powder densities as high 
as possible, to reduce the formation of void spaces and improve connectivity in 
heat-treated tapes. Successful attempts have been made to increase the core density by 
various approaches. The most successful up to now is the PAIR (Pre Annealing and 
Intermediate Rolling) process, in which the tape conductor is annealed at high 
temperature (~840 oC), then cold rolled and heat-treated /T. Hasegawa 1999, H. 
Kitaguchi 1999, H. Miao 1999, Y. Hishinuma 1999, V. Beilin 1998, R. Zhao 1998/. 
Improvements of the local critical current densities far inside the superconducting tape 
were shown /Y. Hishinuma 1998/. Compounds like BSCCO-powders in Ag-sheathed 
tapes develop flow instabilities during the deformation steps. There is a limit beyond 
which BSCCO powders can not be homogeneously densified further and the stress that 
builds up inside the core is released by sudden cracks, which are filled by the softer Ag. 
The average applied pressure during rolling can be written as: 
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11σσ , (3.1.2) 
σy = : yield strength, σt = : tensile strength, and f∆  being called the freedom parameter 
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h0 = : height of sample before rolling, hf = : height of sample after rolling, 
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Table 3.1.1: Densities of packed billets and final densities of reacted tapes, latter determined measuring 
size and weight of the core after removing the Ag sheath in etching solution. Densities of tapes are between 
70-80 % of the theoretical value, which is a typical value for PIT-processed B-S-C-C-O tape conductors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.9: Image of the FENN rolling mill used for tape manufacturing. In the center of the image the 
rollers in the ‘four-high’ geometry are visible. To the left and behind the mill are the pay-off and take-up 
spools, on which adjustable friction is applicable keeping the tape always under tension to avoid sabreing 
(lateral bending).    
 
 
 
 
Ag tube: tape: (reacted)
OD /cm: 1.27
ID /cm: 0.885
ρBi2212 theor /g/cm3 6.6 thickness: width: length:
ρ /g/cm3 % density of theor. mcore /g t /cm w /cm l /cm ρ /g/cm3 % density of theor.
0.00 wt.% 3.1802 48 0.0317 0.0090 0.270 2.694 4.8423 74
2.38 wt.% 3.3070 50 0.0562 0.0074 0.249 5.898 5.1713 78
3.17 wt.% 3.2100 49 0.0332 0.0086 0.270 2.711 5.2741 80
2.38 wt.% SCI 2.4568 37 0.0495 0.0088 0.276 4.701 4.3353 66
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R = : radius of rollers, δ h = h0 - hf  = : height reduction /Z. Han 1997/. 
High pressure yields high-stress and high-density regions in the sample. At a certain point 
a critical value is reached and the powder flow within the core will stop due to internal 
friction, though the density in front of the rollers may still be lower than the critical 
density. This leads to sudden and cyclic cracks in the sample. Unfortunately, the strain in 
the rolling direction is higher than in the transverse direction, forming a cracking pattern 
that runs predominantly through the current path. This effect, resulting in filament-
thickness undulations, is known as sausaging and adversely affects or even completely 
blocks the current flow in the tape. According to (3.1.2) the average applied pressure can 
be reduced by applying tensile stress on the sample and making suitable choices for the 
three parameters to yield a large freedom parameter f∆  for a certain pressure Pav. To 
minimize the sausaging effect it is therefore useful to choose small roller diameters and to 
keep the reduction rate low especially during the final deformation steps. Equation (3.1.2) 
is a static model of for the deformation process. In a dynamic model, reduction and 
rolling speed have been combined /B. Zeimetz 1995/. This source concludes that, in 
general, small rolling speeds are favorable to avoid sausaging. In another study it has 
been shown recently that the semi-angle of the die also exerts influence on stress and 
powder compaction in composite wires /M. Malberg 1999/. 
For all tapes produced for this investigation, the area deformation rate was set to be lower 
than 10 % for each pass for all drawing and rolling steps. The wires were rolled on a 
FENN mill in four-high geometry. The small inner rollers had a diameter of 6.5 cm and 
the applied rolling speed was approximately 2.5 cm/s. These setting proved to be 
sufficient for producing monofilament tapes with homogeneous cores at total thicknesses 
of 0.2 mm and widths of about 3 mm, Figure 3.1.10. Below a thickness of 1.5 mm, 
however, sausaging effects became evident. To avoid another common phenomenon, 
bending of the tape around the surface normal, which is commonly referred to as 
sabreing, the mill was equipped with pay-off and take-up reels to maintain a tension on 
the work piece of about 40 N. Slight eccentricity of the small rollers, however, led to 
cyclic variations in the final tape thickness of about ± 0.02 mm, Figure 3.1.11. 
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Figure 3.1.10: SEM-micrograph of a tape surface with the Ag sheath being removed by etching. The 
arrows in the top of the image indicate incipient sausaging. The arrow to the right indicates the rolling 
direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.11: Variation of the thickness of tape after the final rolling step. It is caused by slight 
eccentricity of the small rollers and is about ±  0.02 mm wide. The vertical lines each mark one revolution 
of the small rollers. 
 
 


0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0 10 20 30 40 50 60 70
Length /cm
Th
ic
kn
es
s 
/m
m
0.04
  
38
3.2 Processing 
3.2.1 Phase Formation of Bi-2212, Heat Treatment  
To carry a superconducting transport current, the powder has to be reacted into a textured 
crystalline phase. As opposed to the other major Bi-containing phase, the Bi-2223 phase, 
which is formed in a diffusion reaction, Bi-2212 forms in a partial melt process. This 
reflects the fact that Bi-2212 oxide powder melts incongruently into a liquid and non-
superconducting crystalline phases /K. Kní	


T.G. Holesinger 1992, B. Hong 1991/. The 2212-phase forms in air at around 800 oC and 
melts at around 880 oC. Above 900 oC the 2212-phase is completely molten but forms 
again during resolidification. Partial-melt processed Bi-2212 generally offers higher 
transport currents than sintered Bi-2212, since the partial melt process applied on suitable 
geometries, like tapes or thin films, allows the melt to directional solidify. Compared to 
as-sintered Bi-2212, the intergrain-connectivity is improved in partial melt processed 
conductor material. Though a variety of heat treatment parameters are applied to optimize 
the performance of the superconducting material, the essential features of all heat 
treatment schedules are similar. The generic schedule consists of four steps, Figure 3.2.1: 
• Annealing, 
• Partial melting, 
• Sintering, 
• Cooling. 
In the first step, the Bi-2212 precursor material is annealed at a higher temperature to 
remove contaminants like carbon oxides, organic compounds, and water, which cause 
bubbling in sheathed materials like wires and tapes destroying transport properties. At 
higher temperatures and fast ramp rates, oxygen is released and can also behave as a 
contaminant especially when the diffusion rate through the sheath is lower than the rate 
of oxygen release. Carbon oxide contamination occurs in all Bi-2212 precursor materials, 
which is a consequence of the powder manufacturing process, whereas organics and 
water are commonly found in dip-coated conductors, since these are prepared from a 
organics containing slurry. 
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In the second heat treatment step the Bi-2212 powder is heated above the partial melting 
point and held there for a short time. In an oxygen rich environment, the Bi-2212 then 
decomposes into a liquid and two crystalline phases, the 14:24 alkaline earth cuprate 
(AEC) and the 2:4 Cu-free phase. The peritectic melting reaction for Bi-2212 in 100 % 
O2 is given schematically by: 
                 
( ) ( ) ( ) xxxx OCaCuSrBiOCaSrBiOCuCaSrCuOSrBiliquid 22242241422 ,, →++ , (3.2.1) 
 
In quench experiments it was shown that remnant liquid solidifies into the Bi-2201 phase 
/W. Zhang 1996/. The morphology of the crystalline phases during this step is a key point 
for achieving a highly aligned microstructure and high critical current density in the 
superconductor. To achieve a homogenous and highly aligned microstructure, the 
crystalline phases present in the melt have to be as small as possible before 
resolidification commences and Bi-2212 begins to form. Small grains keep the diffusion 
length between the reaction partners, the AEC’s, the Cu-free phases and the liquid, short 
hence increasing the reaction rate. Additionally, small grains offer a higher degree of 
freedom for the Bi-2212 alignment than larger grains.  
Another important point in achieving good crystallinity is the oxygen environment during 
the partial melt. It has been shown that Bi-2212 melted in air consists of liquid, 
(Sr,Ca)CuO2 (1:1 AEC) and the 2:4 copper free phase. 1:1 AEC’s grow into several tens 
of µm large chunks, which can not react completely back into Bi-2212 during cooling. 
They eventually affect microstructural and transport properties of the conductor /E.E. 
Hellstrom 1995/. The anisotropy and homogeneity of the growth channel also effectively 
determines the alignment of the Bi-2212. In bulk Bi-2212, grains can grow into all 
directions equally. The constrained volume in tapes and thin films, however, leads to 
selective growth in axial direction. Bi-2212 grains that nucleate with their c-axes normal 
to the tape surface are able to grow to larger sizes, whereas grains with other orientations 
cannot due to the volumetric constraint /R. Flükiger 1996, E. E. Hellstrom 1992/. Hence 
it is necessary to promote the growth of Bi-2212 nuclei of the right orientation, which 
eventually grow into large crystals with their cristallographic c-axies normal to the 
Ag-interface.  This is achieved by cooling tapes at slow cooling rates. The Ag interface 
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itself, however, does not drive Bi-2212 crystal growth since it was shown that in 
quenched samples a random nucleation of Bi-2212 occurred. In films, resolidification 
first occurs at the Bi-2212/air interface. Additionally, a half-cell of Bi-2201 was found 
between the Bi-2212 core and the Ag /Y. Feng 1992/. Crystal outgrowth into the Ag 
sheath normal to the interface, which was observed repeatedly in Bi-2212/Ag tapes 
during this investigation, supports these assumptions, Figure 3.2.2. An alternative source 
of outgrowth, however, may also originate in S-contamination of the Ag-sheath, which 
reacts with Sr at about 820 oC /J. Keßler 1993/. Microstructures of the Ag-interface taken 
during this investigation, however, showed that at least part of the core material can 
easily penetrate the Ag-sheath during resolidification, when the Ag is still plastic, 
Figure 3.2.3. 
Another considerable influence on the superconducting properties of the Bi-2212 is 
oxygen loss in the Bi-O layers at temperatures above 400 oC /F. Jean et al. 2000, S.A. 
Sunshine et al. 1988, J.M. Tarascon et al. 1988/. Oxygen loss changes the Cu-valence-
state of Cu in the Bi-2212. Typically, Bi-2212 powder is calcinated in air or oxygen and 
therefore it is normally overdoped. Oxygen loss leads to a reduction of the carrier density 
in the compound changing the coupling and lattice parameter between the Bi-O layers 
and the Cu-O layers. The critical temperature therefore changes too. After reaching a 
maximum at the point of optimal doping Tc decreases rapidly. This effect can be 
controlled by heat treating Bi-2212 in pure oxygen environment, Figure 3.2.4. 
The third step in the heat treatment is a sintering step. Its purpose is to maximize the 
formation and alignment of the Bi-2212 grains and reduce intergrowth of the Bi-2201 
phase. In the fourth step the Bi-2212 is cooled to room temperature. In radiation furnaces, 
which have short response times, this is typically done by furnace-cooling. This is a 
compromise, as at low cooling rates 2212 tends to decompose and Bi-2201 begins to 
form. In addition, Bi-2212 can pick up additional O2, which leads to a reduction of the 
critical temperature. At higher cooling rates, however, the Bi-2212 core in tapes and films 
tends to crack, thus reducing its transport properties. This is particularly critical in the 
heat treatment of long lengths of conductor material, such as coils, which are difficult to 
cool down homogeneously. 
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Figure 3.2.1: Generic heat treatment schedule as it was applied on all samples used in this investigation. 
The kink in the ramp-up slope is to reduce the effect of temperature overshoot by reducing the ramp rate 
approaching the first temperature goal. The dotted line on top of the graph indicates the melting point of 
Ag. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.2: SEM micrograph of a Bi-2212 tape cross section containing grain boundaries with angles up 
to 90o and outgrowth of Bi-2212. Sections like this block any transport current. 
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Figure 3.2.3: SEM image showing the inner Ag interface after mechanically removing of the Bi-2212 core 
material. In the black outlined square a needle of (Sr,Ca)2CuO3 is seen, which grew straight through the 
Ag-sheath. 
 
Figure 3.2.4: Schematic relation between Tc and hole concentration in Bi-2212. The arrow marks the 
region of overdoped Bi-2212, which is typical for Bi-2212 heat-treated in air or oxygen /T. Hatano 1996/. 
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The composition of the partial melt is also very sensitive towards changes in the melting  
temperature and duration. Variations of ± 1 K in the melting temperature can depress the 
transport current densities in reacted conductors by 50 %. At typical partial melt 
temperatures of about 885 oC, this fact implies to run furnaces with an accuracy of better 
than 0.1 % at high reproducibility. To heat-treat larger samples, like coils, and samples of 
longer lengths it is also necessary that the temperature profile is more or less constant 
over the length of the sample plus having a very low temperature gradient in radial 
direction. These requirements are not easily fulfilled as furnaces generally show a 
pronounced profile, especially in axial direction. Furnace temperatures are commonly 
measured via thermocouples, which are affected by drifts due to aging, especially when 
operating at higher temperatures, Figure 3.2.5. Several approaches have been made to 
overcome these difficulties. Among these are the use of furnaces with high thermal 
capacity, ring-type furnaces, using balanced heating elements and establishing a 
controlled gas flow /W. Dai 1998, T. Haugan et al. 1995/. Furnaces with high thermal 
capacity, however, are only capable of low ramping rates, thus limiting the minimum 
applicable duration of melting step and cool-down, which can affect the phase formation 
in the heat-treated conductor. Ring-type furnaces show high temperature homogeneity 
along their lengths. This setup, however, is not suitable for continuous conductor 
production. A different approach to stabilize reacting temperatures involves the fact that 
Bi-2212 melts at lower temperature in nitrogen environment. This characteristic is used 
in the isothermal melting process, during which the ambient atmosphere is changed from 
pure O2 to pure N2 for a certain time to induce melting at constant temperature. This 
makes the melting process solely time dependent /R. Funahashi et al. 1997/. Critical in 
this setup is the change in the gas environment to N2 at high temperatures since it affects 
the phase development of the Bi-2212 as it was mentioned before. Three-zone radiation 
furnaces seem to be a viable compromise between fast ramp rates and performance. 
Reproducing high exact temperatures with low long-term drift, however, is critical in all 
setups. 
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3.2.2 Blistering of Ag-sheathed Bi-2212 Tapes 
Blistering is extremely detrimental to the superconducting properties of tape conductors. 
During partial melt processing the Bi-2212 releases gases that can lead to a pressure 
build-up within the tape resulting in voids or even large tunnels in the conductor. Three 
major sources are responsible for the blistering phenomenon /V. Beilin et al. 1996, E.E. 
Hellstrom 1995, W. Zhang 1994/: 
• residual water in the precursor powder, 
• oxygen release from the Bi-2212 during heat-treatment, 
• increased carbon content in the precursor powder. 
Water can be present in the powder as hydrates or hydroxides or simply be absorbed on 
the powder due to humid environment. 
At temperatures above 400 oC and particularly during the partial-melt when Bi-2212 
starts to decompose, it releases oxygen. Pure Ag cladding, however, is permeable for 
oxygen to a certain degree, depending on the rate of the oxygen release and thickness of 
the sheath /F.M.G. Johnson 1927/. The limited diffusion rate implies an upper limit for 
the temperature ramp-rate, especially in the partial melt step, when Ag becomes plastic 
and yields at low pressures. Carbonates are believed to be a major source of blistering in 
wires and tapes. Carbon is introduced as a contaminant during the precursor-state of the 
superconducting material and cannot diffuse through Ag /L.M. Heijnen 1988/. Two 
critical steps can be pointed out: 
• contamination during the powder production process and 
• exposure of green superconducting material to atmosphere.  
There are two generic features that are common to most of the production processes of 
Bi-2212 powders. Part of the components are either present as carbonates or nitrates: 
 
                    ( ),22128203332 BiCuOSrCOCaCOOBi CT o →+++ ≅    or (3.2.2) 
                    ( ) ( ) ( ) ( )2212820232333 BiCuONOSrNOCaNOBi CT o →+++ ≅  . (3.2.3) 
 
In the ideal case, all components form oxides and react to Bi-2212. Incomplete reaction 
of the precursor and reaction in air causes the formation of crystalline carbonates,  
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32 CaCOCOCaO →+  
32 SrCOCOSrO →+ , (3.2.4) 
which release CO2 at higher temperatures. As a consequence of the imbalance of the 
stoichiometry, alkaline earth cuprates (AEC’s) form from part of the remaining 
components. Non-superconducting AEC’s are typically found at the grain boundaries of 
the 2212-phase. Depending on their sizes, AEC’s hence contribute to bad intergrain-
connectivity and weak-link behavior in fully reacted superconductors or completely block 
the transport current if growing too large.  
Contamination with water or carbon and oxygen pressure build-up can be avoided by 
accomplishing each processing step during wire manufacturing under a controlled oxygen 
environment and choosing suitably low ramp-rates of ≤ 50 K/h for the heat treatment 
process. All tape samples were produced applying these precautions and did not show 
any particular tendency to develop bubbles during heat treatment. Bubbling, however, 
could not be completely avoided and still occurred in some of the heat-treated samples. 
Though most of the powder handling took place under oxygen atmosphere in the glove 
box, this environment was not necessarily free of other contaminating substances, e.g. 
dust. To completely exclude contamination it may be necessary to consider clean room 
conditions for these production steps.  
 
3.2.3 Features of the Applied Heat Treatment Schedule 
A single zone gold-coated radiation furnace (Trans Temp Co., Chelsea, MA) was used in 
all experiments because of its fast response times, Figure 3.2.6. It delivers good 
temperature homogeneity over a length of about 10 cm and is suitable for short sample 
heat treatment, Figure 3.2.7. The furnace consists of two concentric quartz tubes, between 
which a heating spiral runs. The outer quartz tube is coated on the inside with a thin layer 
of gold to reflect the infrared radiation back into the heating zone. 
Tape sample with typical lengths between 5 – 7 cm were placed on alumina paper into an 
alumina boat. The alumina paper served as a spacer to prevent the sample from sticking 
to the boat. The boat was then inserted down to the center of the furnace. Both ends of the 
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Figure 3.2.5: Range of application for common types of thermocouples. In the temperature range marked 
by the sloped section drifts in the reading have to be expected. The hatched areas mark the region, where 
the thermocouples degenerate fast. For this investigation NiCrSi/NiSi (N-type) thermocouples were used 
that offer higher long-term stability than NiCr/Ni thermocouples. /Workshop Temperaturmessung, 
ACCESS e.V.  Aachen (1990)/. 
 
Figure 3.2.6: Schematic view of the furnace setup. The furnace type used was a radiation furnace 
consisting of two concentric quartz tubes, of which the outer features a thin gold coating from the inside to 
reflect radiation back to the center. The heating element is between the two quartz tubes. Compared to 
conventional furnaces this setup allows high ramp rates for heating and cooling. To homogenize the 
temperature profile and to avoid drag of the hot zone due to the gas flow, alumina-wool plugs loosely seal 
both ends of the inner tube. One N-type thermocouple sitting close to the heating element is used to control 
the furnace. Another N-type thermocouple inside of the inner tube is connected over a data acquisition card 
to a computer and reads temperatures close to the sample.   
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inner quartz tube were then closed with two quartz-wool plugs to establish a 
homogeneous gas distribution inside the heating zone and to reduce axial heat losses. 
Two plugs with holes for the gas inlet and outlet sealed the furnace. The outlet tube for 
the gas was led through a beaker filled with water so that the gas flow could be controlled 
visually.  
Two Nicrosil-Nisil (N-type) thermocouples reached into the center of the furnace. One 
was located between the inner and outer quartz tube. It was connected to the furnace 
controller (Eurotherm) and was used to run the temperature profiles. The other 
thermocouple was in close contact to the outer side of the alumina boat to read the actual 
sample temperatures. This thermocouple was connected via a data acquisition board 
(OMEGA WB-Dynares) to a computer were the profiles could be stored for further 
evaluation. 
To avoid temperature overshoot, the ramp rate in the annealing step was split into two 
parts of 400 K/h up to 650 oC and 50 K/h to reach the annealing plateau at 820 oC. This 
temperature was held for 24 h followed by the partial-melt step. The ramp rate for the 
partial-melt step was 50 K/h and the partial-melt plateau was about 885 oC. The exact 
value of the plateau had to be evaluated for each tape composition in an optimization 
process. The holding time at melting was about 0.4 h. The effective melting time, 
however, can vary slightly as the partial melting does not have a sharply defined 
transition. The ramp rate down to the sintering plateau was 10 K/h. During the sintering 
step the reaction of the remaining AEC’s with the Cu-free phase to form Bi-2212 is 
accomplished and the crystal structure of the Bi-2212 ripens. After the sintering step, the 
power was switched off and the samples were furnace-cooled to room temperature. From 
the viewpoint of Bi-2212 phase development, it is desirable to cool down the conductor 
as fast as possible to avoid the formation of Bi-2201. Fast cooling rates, however, exert a 
high thermal load on the brittle core and can induce cracks. Thus furnace cooling is a 
compromise in the efforts to achieve a fast ramp rate and to avoid thermal shock, 
Figure 3.2.1. Among the various parameters that control the heat-treatment process, two 
were varied in the experiments for process optimization of the tapes, the partial-melt 
temperature and the duration of partial-melt plateau. These two parameters were 
considered most important for the phase formation of Bi-2212. 
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Figure 3.2.7: Actual temperature profile of the furnace used during the investigation revealing a slope in 
the center section of the furnace, which was not related to the gas flow. The temperature inhomogeneity at 
900 oC over a length of 10 cm in the center section was ± 1.5 K. The radial temperature gradient was 
+ 0.2 K/cm from the center axis at an inner tube diameter of 5 cm. The measurements were accomplished 
without the alumina boat in place. 
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4. CHARACTERIZATION 
4.1 Composition 
4.1.1 Differential Thermal Analysis (DTA) 
To study changes in the phase transitions of the various Bi-2212/Ba compositions, 
differential thermal analysis was widely applied. The result were used to evaluate the 
melting behavior of Ba doped Bi-2212 and to estimate starting temperatures for the heat-
treatment optimization runs. Differential thermal analysis is a technique in which the 
temperature of a sample is compared with that of an inert reference material during a 
programmed change of temperature. The integral component of the system is a matched 
pair of Pt-Pt/Rh thermocouples. A thermal event either takes or releases energy resulting 
in a temperature difference ∆T between the two thermocouples. This difference is then 
plotted versus the ambient temperature /A.R. West 1990/. The instrument used in this 
investigation was the DTA 7 by Perkin Elmer, Figure 4.1.1. Samples were typically small 
pieces of bulk material of about 20 mg each and heating rates were 10 K/min, which gave 
a good sensitivity for all thermal events in the investigated compositions. All experiments 
were conducted in a pure oxygen environment to resemble the conditions of the actual 
heat treatment. The melting point of a sample, which is the onset temperature of the 
endothermal peak, was determined from the measured curves as the temperature at which 
the baseline and the tangent on the down-slope of the endothermal peak intersect. In 
solid-liquid phase transitions part of the sample substance evaporates after the melting 
point is reached which causes the baseline to shift. The error originating in exactly 
defining baseline and tangent was estimated to ± 0.25 K. Another circumstance that was 
thought to possibly affect the measurements originated in the use of the standard Al2O3 
crucibles since Bi-2212 can form alkaline earth aluminates with the crucible walls at high 
temperatures. Since no alternative was availabe, this setup was used throughout and all 
samples were compared on this basis assuming that all experiments were affected the 
same way, thus allowing comparative investigations among the Ba doped Bi-2212 
samples. 
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4.1.2 Inductively Coupled Plasma (ICP) Analysis 
To investigate the chemical composition of powders and tapes, ICP-analysis was used. 
Inductively coupled plasma spectroscopy is a multi-elemental analytical method suitable 
for a wide range of aqueous samples. The operating principle is based on measuring 
intensities of characteristic wavelengths that are emitted at high temperature by the 
elements the sample consists of. The sample liquid is nebulized into hot plasma of 
8000 - 10,000 K, which serves as excitation source. The plasma source consists of two 
concentric tubes, through which argon and the sample liquid flows and a high power 
rf-coil at the end of the tubes. Ionization of the argon is ignited by the spark of a 
tesla-coil. The rf-coil interacts with the argon ions causing them to flow in a closed 
annular path. Ohmic heating is the consequence of their resistance to this movement, 
Figure 4.1.2. The emitted light is then analyzed in a conventional spectrometer involving 
an echelle grating. The results are compared with known standards for quantitative 
analysis /D.A. Skoog 1998/. 
The instrument used in our investigations was the Plasma II by Perkin Elmer. To 
determine the composition and the true amount of the Ba addition in the powders, 
samples of all powder compositions were investigated. Additionally short sections of tape 
were taken to determine the distribution of Ba over an extended part of the tape. The 
powder samples and the sample material extracted from the cores of the tape sections 
were completely dissolved in a concentrated solution of HNO3 + H2O and then diluted 
further until a concentration of 1 ppb was reached. This is the typical range for element 
analysis with ICP. The achievable accuracy with this instrument was about ± 0.4 wt.% 
for all metals except Bi, which was ~ ± 1 wt.% /J. Galyen 1999/. The carbon contents 
were measured on all samples, since it plays an important role in the achievable quality of 
tapes. It was realized, however, that those results could have been affected by external 
influences. Since the instrument was running in air environment and sample handling 
took place in air, carbon contamination was not completely avoidable. Carbon results 
were therefore only used on a comparative basis among peers for a careful estimation of 
the existence of a possible excessive carbon contamination. 
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Figure 4.1.1: Cross sectional view of a DTA. Two thermocouples measure the temperature of the contents 
of two crucibles in controlled environment. One container serves as reference, the other contains the 
sample. Temperature differences between the two thermocouples indicate a reaction or phase transition in 
the sample. These are recorded as ∆T versus T. 
 
Figure 4.1.2: Cross sectional view of the plasma torch of an ICP analyzer. Sample aerosol passing the hot 
Ar gas transforms into excited plasma emitting a characteristic spectrum, which is analyzed in a 
spectrometer.  
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4.2 Microstructure 
4.2.1 Environmental Scanning Electron Microscope (ESEM) 
Polished or etched cross sections of tapes, bulk material, and fractured surfaces were 
investigated under the ESEM (Electroscan, model E 3). The major difference that sets the 
ESEM apart from the traditional high-vacuum SEM is its independent control of the 
pressure in the sample chamber due to differentially pumped subsystems. The sample 
chamber can therefore be operated on elevated pressure without affecting the operation of 
the electron optics column. This allows easy changing of samples and makes it 
unnecessary to coat samples with conductive material. In conventional SEM, the 
impinging electrons cause a charge build-up on the sample. In the ESEM, part of the 
secondary spectrum comes from the interaction of the electrons with the gaseous 
environment. The ions produced in this interaction then travel towards the negatively 
charged sample and neutralize a charge build-up. For Bi-Sr-Ca-Cu-O samples this is 
advantageous since they are poor conductors at room temperature. 
Additionally, the ESEM yields a higher signal gain: true secondary electrons that are 
produced in the interaction of the impinging electrons with band and shell electrons of the 
sample travel to the anode causing an electron flux increase due to cascade ionization of 
the ambient gas /Philips 1996, J.I. Goldstein et al. 1981/. 
The Electroscan-3 ESEM used in this investigation offered three detectors for sample 
analysis: 
• Environmental Secondary Electron Detector (ESD): Voltage biased electrode 
(anode), which detects all electrons produced in the interaction with the sample and 
the ambient gas. Contrast is given by the edge effect, which makes this mode 
especially useful for the analysis of fractured or etched surfaces 
/G.D. Danilatos 1990/. 
• Backscattered Electron Detector (BSD): Scintillator counter, which detects high 
energetic primaries. Topographic contrast is poor but it offers high elemental contrast 
because of 22 Z≈ρ  the atomic scatter intensity being proportional to the atomic 
number square, which makes this mode interesting for imaging phase assemblies. 
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• Energy Dispersive X-ray detector (EDX). Interaction of electrons with the sample 
causes bremsstrahlung and a characteristic x-ray spectrum. This spectrum is detected 
with a secondary electron multiplier and is used for either spot elemental analysis, or 
line scans, or two-dimensional mapping to evaluate elemental distribution in a 
sample.  
The imaging quality of the ESEM depends largely on interaction volume, working 
distance, vapor pressure, gas type and acceleration voltage of the beam /C. Mathieu 1999, 
D. Chernoff 1998, J.B. Blide-Sørensen 1998/. At higher vapor pressures ( Pa310≥ ) or 
larger working distances, the interaction of the impinging beam with the ambient gas 
increases scattering and causes the formation of a diffuse skirt of electrons around the 
focused fraction of the beam. Though the skirt does not contain any spatial information it 
causes a dc-offset and can lead to poor contrast, which is a problem at high 
magnifications and low signals. 
EDX analysis, however, can suffer from the skirting effect. The electron skirt gives rise 
to X-rays being generated some distance away from the primary beam, Figure 4.2.1. 
Reducing the working distance and pressure can basically alleviate the problem, but 
elemental analysis on small precipitates, which was necessary on many occasions during 
this investigation, often carried information of their elemental environment. This made 
clear analysis of the phase composition in that specific region difficult. Additionally 
complicating was the fact that the characteristic peak of Ba in the spectrum was not very 
intense and sometimes vanished in the x-ray continuum mainly because of the low 
amounts of Ba additions typically used. 
The spatial resolution of the ESEM is limited by the interaction-volume of the beam in 
the sample. In BSD mode the spatial resolution is typically mµ5.0≥ , which is much 
higher than the actual diameter of the primary beam. Unfortunately is the resolution limit 
just above the range in which small precipitates are expected to act as pinning centers in 
the high Tc conductors. Sub-micron size structures were therefore investigated with the 
help of a Transmission Electron Microscope (TEM).  
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4.2.2 Transmission Electron Microscope (TEM) 
To evaluate the lower limit of precipitate sizes and types of precipitates which might act 
as pinning centers, high-resolution imaging and EDX analysis was carried out on various 
Ba doped and undoped Bi-2212 tape samples using a TEM. In the TEM, imaging is done 
by utilizing the transmitted intensity of the electron beam through a sample. The TEM 
offers two unique features for imaging. Depending on the lens adjustment it is possible to 
either produce images of the sample topography or to observe diffraction pattern of the 
sample lattice /D.B. Williams 1996/. The spatial resolution of the TEM is much higher 
than in the SEM and structures of about 0.3 nm in diameter can be resolved. The gain in 
resolution is mainly achieved by reducing the interaction volume in the sample, 
Figure 4.2.2. To allow electrons to penetrate the sample and to achieve the highest 
resolution the sample has to be extremely thin, about  ~ 100 nm or even thinner, 
depending on Z of the investigated sample. This makes sample preparation a tedious 
process. In this investigation it was expected that part of the Ba addition besides forming 
second phases during the reaction with the Bi-2212 might also substitute into the lattice 
of the host changing the c-axis parameter. The a,b-axes therefore had to be chosen as the 
sample normal, which made it necessary to stack and firmly mount several pieces of tape 
with their cross section facing up, Figure 4.2.3. The sample stack was then prethinned 
mechanically in a dimpler until virtually no material was left in the center of the dimple. 
After this step the sample was put into an ion-mill and part of the sample was milled to a 
final thickness of about 100 nm. 
The advantage of high resolution in the TEM brings accompanying drawbacks. First of 
all only a tiny part of a specimen can be investigated. The higher the resolution, the worse 
the sampling abilities of the instrument are. This makes it necessary to somehow 
determine whether an investigated area is representative for the whole with instruments 
having lower resolution. Other complications of TEM analysis occur with the very 
special methods of sample preparation, of which some are mentioned in the following: 
• Variable thickness: Dimpling and ion-milling obtains a wedge-like sample region 
with a limited absorption-free local area for chemical mapping with EDX. 
• Differential and selective thinning: The amount of ablated material depends on the 
collision cross section, the binding energy of the constituents of a certain phase and 
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Figure 4.2.1: Scatter profile (a) and spot intensity profile (b) of impinging electron beam in the ESEM. 
 
 
Figure 4.2.2: Comparison of interaction volume of the electron beam with the specimen in SEM and TEM. 
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orientation. For TEM samples consisting of composite material this means that 
some phases may be underrepresented or even completely missing altering the 
measured composition of the material. Around existing defects or at grain/phase 
boundaries the ion-beam selectively ablates more material from the sample. Weak 
local regions can debond and fall out, which is a particular difficulty in preparing 
samples from high-Tc ceramics. 
• Redeposition: Once ablated material can redeposit elsewhere on the sample and alter 
the analyzed phase composition. 
• Induced defects: The bombardment with ions can induce defect structures in the 
sample that were not present before. Locally generated heat in the ion-milling 
process can lead to a variety of heat-induced defects. 
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4.3 Phase Assembly and Texture 
4.3.1 X-ray Diffraction (XRD) 
To analyse the phase composition of the samples a Scintag x-ray diffractometer in 
Bragg-Brentano geometry (θ - 2 θ goniometer) was used /A.R. West 1990, 
B.D. Cullity 1978/. The material of the anode was copper (λ = 1.54 nm). Core material 
from tape samples and fractions of bulk material were ground and sprinkled on a fused 
silica plate coated with a thin layer of petrol jelly. Using fused silica as a sample holder 
has the advantage of creating a very low background in XRD-spectra, Figure 4.3.1. To 
compare different measurements an internal standard (Si-powder) was used. Si delivers a 
diffraction spectrum that has four major reflections in the area of interest of Bi-2212.    
From the position of the peaks in the diffraction pattern phases and phase compositions 
were determined qualitatively with the help of a JCPDS-data base. Quantitative analyses 
using the peak intensities were not carried out. Several effects can complicate 
XRD-analysis of composite materials like Bi-2212: 
• Since Bi-2212 is orthorombic a high number of reflections occurs in the diffraction 
pattern. Peaks of Bi-2212 can overlap with those of other phases. 
• According to the ideal Bragg’s law, θλ sin2dn = , constructive interference only 
occurs at the Bragg angle θ. In reality neighboring beams close to the Bragg angle 
will also contribute to constructive interference. This contribution increases with 
decreasing amount of reflecting planes in the target crystallite, i.e. with smaller 
crystallite sizes. According to the Scherrer formula it is: 
                                                          
θ
λ
cos
9.0
⋅
=
t
B  (4.3.1) 
with B =: line width, t =: particle size, λ =: characteristic wave length. 
This effect causes inhomogeneous line broadening especially with powders and 
intensifies the effects from overlapping peaks. 
• Some reflections can not be clearly identified, since there are many second phases 
present in the composite, which are typical found in fully reacted Bi-2212.
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Figure 4.2.3: Sample mount for TEM analysis. Sections of tape are stacked with their crystallographic a,b-
axes pointing upward. The area of interest is only a tiny section at the rim around the hole at the ground of 
the dimple. 
 
 
Figure 4.3.1: Bragg-Brentano geometry of the XRD: The incoming beam is fixed. Sample and detector 
move, so that the incoming θ is coupled to the diffracted beam 2-θ. The measured intensity comes only 
from planes parallel to the surface. Planes with different d-spacings diffract at different angles. 
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• Peak positions can move if elemental substitutions occur, which changes the lattice 
constant of the host. 
• In plain, not ground tape samples the occurrence of texture can dominate the peak 
intensity distribution. 
• Superlattice structures sometimes occur, which can be misinterpreted as phase 
impurities. 
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4.3.2 X-ray Texture Goniometer, Pole Figures 
During the heat treatment, Ag clad Bi-2212 tape samples develop a pronounced texture 
with the crystallographic c-axis normal to the tape surface. To investigate changes in 
texture development due to changes in the amount of Ba additions, x-ray texture 
goniometric measurements were carried out on several short sections of tape. The results 
were plotted as pole figures. A pole figure is a stereographic projection, with a specified 
orientation relative to the specimen that shows the variation of pole density with pole 
orientation for a selected set of crystal planes. If a preferred orientation is present, the 
poles will tend to cluster together into certain areas of the projection, leaving other areas 
virtually unoccupied. In the stereographic plot, iso-lines separate regions of same pole 
density. The higher the density values are for a certain region, the better is the texture in 
the direction belonging to it. The density values can be normalized in “times random” 
units, comparing them with a randomly oriented specimen /B.D. Cullity 1978/. 
The instrument used for these measurements was a Philips X’pert that operates in Schulz 
reflection geometry. It consists of a sample holder that allows rotation of the specimen in 
its own plane about an axis normal to its surface and about a horizontal axis, Figure 4.3.2.  
For sample preparation, the Ag cladding was removed by etching in a solution of 
2.5 parts NH4OH and 1 part H2O2 diluted with methanol. The remaining core material 
was then cut into pieces of approximately 1 cm length. Four of these pieces were 
mounted on a glass plate with self-sticking tape to form a square and analyzed. To 
investigate the texture in the center section of the tapes, the assemblies were then ground 
on fine grain emery paper down to the center of the core. To improve the signal quality 
the scanning mode was set to oscillating, which enables the beam to scan an area of 
interest of about 1 cm2. Information derived from this analysis gives a better 
understanding of the average texture development, which is not achievable with the 
rather local information gained from ESEM and TEM analysis. 
For interpreting pole figure results, however, the following effects have to be taken into 
account that can affect the measurement especially on composite tapes: 
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• The surface texture can vary widely from that of the mid-plane. Reaching exactly 
the mid-plane of the typically very thin (≅ 60 µm) tape conductor by grinding was 
difficult. 
• If the grain size is too large, the incident beam will not sample enough grains for 
good statistical accuracy. Oscillating the beam across a certain region of the 
specimen, however, can reduce this effect. 
• The surface of the sample should be as smooth as possible, since the noise increases 
with the sample roughness. 
• Bi-2212 tape material exhibits a very pronounced c-axis texture. Small variations in 
this texture may not easily be visible. 
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4.4 Magnetic Properties 
The magnetic properties on bulk material and tape samples were measured with two 
different types of magnetometers, a SQUID and a Vibrating sample magnetometer 
(VSM) in a field range up to 33 T. Transition curves M(T) and magnetization as a 
function of the applied field M(B) were recorded in field- and zero-field cooling 
experiments. There are specific differences between the magnetometers used that make it 
appealing to use either one of the instruments. While commercial SQUID magnetometers 
are typically limited to field ranges between 5 – 7 T, a VSM can be easily adapted to a 
high field setup. Additionally the data acquisition in a VSM is much faster than in a 
SQUID magnetometer and allows studying faster processes like the magnetic decay in a 
sample. On the other hand, however, the sensitivity of a VSM is much lower than that of 
a SQUID magnetometer. This is particularly difficult with superconducting samples as 
the diamagnetic signal decreases rapidly towards the critical temperature. To compensate 
for the signal loss, samples with larger masses were used in the VSM. 
 
4.4.1 The SQUID Magnetometer 
The magnetic moment of a sample is in many cases very small. This difficulty can be 
overcome by using a magnetometer applying a SQUID (Superconducting Quantum 
Interference Device) as detection device, which is used as a highly linear flux to voltage 
converter, capable of resolving changes in the magnetic field that approach 10-15 T. The 
core of the SQUID device consists of a superconductor with one or two Josephson tunnel 
junctions, who are connected in a loop, Figure 4.4.1. The multi-particle wave functions 
that describe the corresponding cooper-pair densities in each part of the junction suffer 
phase shifts across the junctions of each branch in the loop and thus do the currents. A 
magnetic field, which penetrates the loop, additionally influences the total phase shift of 
the total current by its vector potential. The total phase shift is given by the line-integral 
around the loop  
                       ,
1 ∫ ⋅=∆
L
ldp


ϕ              with              Aej
en
mp
 2+= , (4.4.1) 
being the generalized momentum of a charged particle in a magnetic field. 
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Figure 4.3.2: The Philips X’pert X-ray texture goniometer in Schultz reflection geometry. From left to 
right visible: detector, Φ, Θ, Ψ-goniometer, and x-ray source. 
 
Figure 4.4.1: Schematic view of two parallel connected Josephson junctions a,b that weakly couple the 
superconductors I and II. The phase difference between the total Cooper-pair wave function across the ring 
is controlled by the magnetic flux through the ring. The oscillations (interference effects) in the super-
current can be used to measure weakest magnetic moments (SQUID, Superconducting Quantum 
Interference Device).  
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The total current in the loop can then be described by 
                                
( ) ( ),cossin2 0
0
0
0 ΦΦ⋅ΦΦ
ΦΦ
= F
f
f
tot II π
π
π
 (4.4.2) 
with Φf and ΦF being the magnetic flux through a single joint and through the whole 
loop, respectively. Φ0 is the magnetic flux quantum h/2e. Equation (4.4.1) is the 
well-known expression for the interference structure that a coherent light source produces 
while passing a double slit. Maxima of the current will occur when the ring just encloses 
a magnetic flux quantum. These characteristics make the coupled Josephson junction a 
powerful tool to measure even smallest magnetic fields. In full analogy of interference 
effects in optics devices build from multiple junctions are possible. The intensity maxima 
become more pronounced and the sensitivity increases even more /M. Mc Elfresh 1995, 
S.T. Ruggiero 1990, R.C. Jaclevic et al. 1964 and 1965/. 
Practical SQUID susceptometers typically consists of five major components: 
• A cryostat, 
• A superconducting magnet to generate high magnetic fields, 
• A superconducting detection coil, which couples inductively to the sample, 
• A SQUID, that is used as a flux to voltage transformer being inductively coupled to 
the pickup coil circuitry, 
• Sufficient magnetic shielding surrounding the SQUID, 
• A heatable sample space. 
Since the resolution of the whole setup goes by R ≈ 1/r2, with r being the radius of the 
pickup coil, and to achieve highest possible homogeneity of the external field, the sample 
space is typically very small and was 9 mm in diameter for the instrument used. The 
sample holder consisted of a thin, about 16 cm long, mylar tube that was taped with one 
end to the sample transport rod. The average sample mass was between 50 - 100 mg. The 
sample was glued with organic-solvent based paper glue (Duco-cement) on a thin 
aluminum disk of about 6 mm diameter. The sample-disk assembly was inserted into the 
mylar-tube and squeezed in place at about half the tube length, so that the pickup coil 
would always detect a constant, subtractable background coming from the sample holder, 
Figure 4.4.2. The pickup-coil was a second derivative gradiometer coil and consists of 
two counter-wound coils, which produce a Laplace pulse when a sample with a magnetic 
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moment was moved through it, Figure 4.4.3. This configuration has the advantage of 
suppressing background noise and reducing background drifts caused by relaxation in the 
external magnetic field since signals that affect both coils in the same way are cancelled 
out.  
The SQUID susceptometer used in this investigation was a Quantum Design MPMS 
(Magnetic Property Measurement System) of the first generation and was equipped with 
a single junction rf-SQUID device. It did not offer the possibility of resetting (controlled 
quenching) the external magnetic field Figure 4.4.2. Most of the difficulties that occurred 
with the measurements of superconducting samples could be related to this missing 
feature. Signals derived from superconducting samples mainly suffered from two 
influences: 
• Change of the demagnetization factor with different sample sizes, shapes and sample 
heterogeneity, 
• Effects from remnant field and magnetic field inhomogeneity. 
Even in a homogeneous magnetic field, the magnetization ( )rM   of a magnetic sample is 
r

-independent only if its shape approximates an ellipsoid. Pieces of bulk material and 
tapes are normally far from having this ideal shape and the magnetization has to be 
corrected by a demagnetization factor N: 
                                            
0
,
1
µχ
j
ja
j N
H
M
+
=  ;                 j = x,y,z (4.4.3) 
Particularly for short flat samples in a perpendicular field the demagnetization correction 
can be enormous. It is possible to estimate the demagnetization correction from the virgin 
part of the magnetization curve M(H) of a zero-field cooled sample comparing the slope 
of the measured sample with the slope of an ideal superconductor M/H = -1 in the case of 
N = 0. This method, however, could not be applied in the system used in this 
investigation, since low background fields were always present in the system making 
strict zero-field cooling impossible. To avoid problems in interpreting measurement 
results tape samples were compared solely among each other and bulk samples were 
either cut into similar sizes or ground and the powder cast into cylindrical epoxy pellets. 
Fabricating epoxy pellets from ground powders also suppressed the influence of varying 
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Figure 4.4.2: Components of the SQUID magnetometer, from left to right: Sample holder with samples 
and mounted sample in a mylar tube held in place by kapton plugs, partially assembled system showing the 
transport mechanism and the 5.5 T superconducting magnet in place, and fully assembled system with 
cryostat 
 
Figure 4.4.3: Schematic view of the second derivative coil used as pick-up coil in the SQUID-
magnetometer. The device consists of two counter-wound coils, which produce a distinct laplace-pulse 
when a magnetic sample moves through it. The intensity of the signal is a measure for the size of the 
magnetic moment of the sample. 
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sample heterogeneity, like different grain sizes, grain size orientation, non-
superconducting regions, which conceal the true “magnetic” shape of the sample, which 
is a common effect measuring bulk material.  
The external field can affect measurements mainly by two circumstances, non-uniformity 
of the field, and remnant field /M. Mc Elfresh 1996/. Even when the transport current in 
the superconducting coil has been reduced to zero, trapped flux in the windings can result 
in a distribution of non-zero field in the magnet resulting in regions in which the field can 
significantly deviate from zero, Figure 4.4.4. Since a homogeneous zone can only be 
expected in the center section of the coil the scan length was limited to 3 cm. In addition, 
each measurement was started with a step in which the sample was heated above Tc to 
avoid effects of any field non-uniformity the sample would experience when inserted into 
the sample chamber. Non uniformity of the field in the center section particularly affects 
small signals around Tc. Since the magnetic moment of the sample is inversely 
proportional to the applied field, it can flip in zero-field-cooled (zfc) experiments to the 
positive side as soon as the sample reaches temperatures around Tc. Since the magnetic 
moment of a sample in field-cooled (fc) experiments is generally very small, it can stay 
positive for the whole measurement, Figure 4.4.5. Generally, field inhomogeneities will 
not affect Tc measurements but will affect the slope of the transition curve and hence 
irreversibility-line measurements, especially for elevated temperatures. Effects like the 
above described were observed in some of the experiments in this investigation. Attempts 
to reduce the remnant field by alternating the external field successively to zero value 
were tried. This procedure, however, proved to be insufficient. 
 
4.4.2 The Vibrating Sample Magnetometer (VSM) at the NHMFL 
Magnetization data at high fields up to 33 T at 4.2 K were recorded with a customized 
Lake-Shore Vibrating Sample Magnetometer, Figure 4.4.6. A VSM measures the AC-
voltage that is induced in a pick-up coil by a magnetic sample, which is exposed to an 
external DC-field. The sample is mounted on a stiff rod, whose one end is connected to a 
vibrating head (low-frequency loudspeaker driver). The end with the sample resides in 
the center of an external field. A small voltage is induced in a small pick-up coil when the 
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Figure 4.4.4: Actual field profile of the 5.5 T superconducting magnet. The homogeneous zone in axial 
direction is about ± 3 cm above and below the center plane. Even if the field in the center of the magnet is 
low and nearly constant, fields at the very top and bottom typically are not. To avoid effects of remnant 
magnetization in the sample it is necessary to heat up the sample above Tc after inserting it into the system 
/M. Mc Elfresh 1996/. 
 
Figure 4.4.5: Axial field inhomogeneities and their effect on the measured magnetic moments. (a) shows 
the actual field profile (pos. or neg.) around the center section of the superconducting magnet. (b) and (c) 
show a zero-field cooled (zfc) and field cooled (fc) measurement carried out in an inhomogeneous field 
(straight line) and in an ideal homogeneous field (dotted line). Especially for small signals around Tc the 
errors in the measured magnetic moments can be high. Tc, however, is not affected. 
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assembly oscillates at a constant frequency of 50 Hz. To suppress any noise from the 
background, the signal is measured in conventional lock-in technique. In a well-aligned 
system, noise levels in the range of 10-4 EMU can then be obtained. Before starting the 
measurement, the pick-up coil has to be centered in the external field. The system is then 
cooled down and a signal calibration with a Ni-sample according to manufacturers 
calibration curves are carried out. After this step the sample was inserted, centered, and 
the signal maximized. In this investigation ground bulk material cast with epoxy resin 
into gel capsules was used to manufacture the samples. The typical sample weight was 
around 100 mg. The VSM at the NHMFL was altered, applying a longer sample rod than 
commonly used to fit into a large (33 T) resistive magnet. This led to a higher sensitivity 
towards mechanical disturbances and reduced the effective resolution. An important 
condition to achieve good signals is that the rod has to be adjusted so that it oscillates 
freely. With the long sample rod, however, a proper adjustment was difficult especially at 
higher applied fields when forces grew high enough to pull the rod to the wall of the 
sample chamber. Friction between sample holder and sample chamber as well as 
vibrational modes that changed with the applied field could distort the signal, 
Figure 4.4.7. 
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Figure 4.4.6: Schematic overview of the Vibrating Sample Magnetometer (VSM) in the actual setup at the 
NHMFL with all essential components. A major difference between this system and systems used 
elsewhere, is the very long sample rod that reaches all the way down into a 33 T resistive magnet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4.7: Distortion of the measured signal caused by excessive friction between the sample holder and 
the wall of the sample chamber. 
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4.5 Transport Properties 
Several measurement techniques are commonly applied to determine the critical current 
in a superconductor: DC-transport, pulse and magnetization techniques /B. ten Haken 
2000, M.C. Frischherz et al. 1995, N.E. Reimann 1994, L. Wang 1993/. In magnetization 
methods, critical current densities can be calculated by measuring the total magnetization 
and applying Bean’s model /C.P. Bean 1962/. Bean’s model assumes that the critical 
current is independent of B having the value ± Jc everywhere uniformly in the region 
already in the critical state, i.e. where the magnetic flux lines have penetrated the sample 
and Lorentz forces and pinning forces exactly balance each other. In a static field 
distribution it is 
                         JH =×∇            ,which reduces to          cz JHdr
d
=  (4.5.1) 
considering a homogeneous and long cylindrical superconducting specimen, which is 
fully penetrated by a magnetic field applied in z-direction. Thus in a superconductor in 
the critical state, the magnetic field gradient is proportional to the critical current density. 
Applying Bean’s model, Jc can be deduced from the hysteresis cycles by measuring the 
difference between the magnetization ( )↓−↑=∆ MMM  in increasing and decreasing 
fields. The critical current density then is 
                                                          
d
MJ c
∆
=
2
, (4.5.2) 
where d is the average size of a current loop, i.e. the average diameter of the crystallites 
assuming uncoupled grains.  
In polycrystalline samples, however, both the intergrain current (transport current) and 
the intragrain current contribute to ∆M /H. Kumakura et al. 1999, K.-H. Müller et al. 
1994/. Another difficulty in polycrystalline samples is that a sample with good intragrain 
properties but poor intergrain properties, for instance due to a higher amount of void 
space, second phases or high angle grain boundaries (weak links), can show excellent 
magnetization data but inferior transport properties. Therefore DC-transport critical 
current measurements were carried out on short pieces of tape at zero-field and in-field 
and 4.2 K, Figure 4.5.1. To avoid bending and cracking of the tape samples during the in-
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field experiments, the transport current was applied such, that the Lorentz force would 
press it to the plain surface of the sample holder. The average sample length on all used 
probes was about 5 cm with the exception of samples that were investigated at high fields 
up to 33 T. Due to the small bore of the magnet those samples were about 2 cm long. 
Voltage tap lengths were between 10 - 25 mm, which is thought to be sufficient to 
produce representative results, disregarding the influence of occasional long length 
defects. Depending on the probe used, the distance between power leads and voltage taps 
was between 5 – 10 mm, to allow for complete current entry into the tape. All 
measurements were carried out applying the four-point method to eliminate the resistance 
in the wiring /Keithley 1998/. Current leads were attached with SnPb solder and voltage 
taps were attached with tiny spots of low melting In solder to reduce thermal load during 
the soldering process in that part of the sample. The voltage criterion for determining the 
critical current was 1 µV/cm, which has become a standard for HTS materials though it is 
somewhat arbitrary, since HTS materials do not quench at that point like LTS materials 
for which this criterion was originally introduced. A computer controlled current supply 
delivered a discrete current ramp and the voltage drop over the sample was read out 
automatically after each current step until a margin of about 5 µV was reached, 
Figure 4.5.2. Thermal drifts made it sometimes necessary to apply a resistive baseline 
correction to the measured transition curves. 
To measure the in-field critical current with variable orientation of the tape’s 
crystallographic c-axis versus the applied magnetic field, a probe was built in which the 
tape sample could be rotated from –90o to +90o in steps of 1o. To reduce motion of the 
sample due to the Lorentz force it was kept in place by a G-10 cover plate, Figure 4.5.3. 
Critical current densities were calculated based on the measured core sizes of short pieces 
of tape after removing the Ag sheath by etching. To calculate n-values, a fitting function 
following the empirical power-law equation for the V-I dependence in the form  
                                             
( )noffset IIVVV 00+= , (4.5.3) 
was applied, in which Voffset took care of a measurement related baseline offset. The offset 
voltage is an artifact related to the basic problem of measuring zero-signals. Following 
recommendations for the future IEC-standard, fitting was done within a region where the 
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system is still strictly non-resistive.  The standard is about 5 µV above the point where Jc 
was reached /K. Itoh 2000, H. Wada et al. 1998/. 
 
Figure 4.5.1: Four-point transport critical current measurement setup according to future IEC standard. 
This scheme was applied to all regular transport critical current measurements in this investigation. 
 
 
Figure 4.5.2: Transport critical current measurement setup, here shown for in-field measurements in a 9 T 
cold-bore superconducting magnet During a current ramp the system automatically acquires sample 
current, sample voltage, and applied field values that are displayed on a computer. To allow thermal 
equilibrium the current ramp is discrete and measurements are taken after each current step. In this setup 
sample temperature and He level are monitored for safety reasons. 
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Figure 4.5.3: Photos of all sample holders used during this investigation. (a) shows a multiple sample 
holder to measure 6 samples at the same time (3 on every side). This sample holder was used to measure 
the high amount of samples that occurred during the heat treatment optimization runs. (b) is a single sample 
holder with a small diameter, which was used in a small bore 33 T resistive magnet. (c) shows a sample 
holder featuring a rotating device. It was built to measure transport critical currents in dependence of the 
orientation of the applied field. 
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5. RESULTS OF PRELIMINARY STUDIES 
5.1 Y2O3 added Bi-2212 
When applying reactive additions it is crucial to optimize the amount, since each reaction 
with the superconducting material goes along with a reduction of the yield of the 
superconducting matrix. Above a certain amount all reactive additions become 
deleterious. 
In a first approach on reactive additions the influence of small amounts of Y2O3 on non-
deficient Bi-2212 has been investigated. Bi-2212 powders were mixed with Y2O3 powder 
in ratios of 0.63, 1.27, 2.53, 3.80, 5.07, and 6.30 wt.% and were pressed to pellets. For 
comparison pure Bi-2212 pellets were produced too. From DTA measurements 
conducted in oxygen environment it is clearly visible that the endothermic peak shifted to 
higher temperatures and broadened. At considerably low amounts of 2.53 wt.% Y2O3 the 
endothermic peak split up into two peaks indicating the formation of two distinct phases. 
Segregation and coarsening of the second phases during solidification is very likely and 
reduced superconducting properties are generally the result. From the applications point 
of view, using this material in Ag-cladded tape it can be considered as disadvantageous to 
increase the temperature of the partial melt, bringing it closer to the melting point of Ag 
and reducing the mechanical properties of the composite conductor during heat treatment, 
Figure 5.1.1. Additionally, higher processing temperatures induce more stoichiometric 
losses like Bi and O2 release, affecting the Bi-2212 stoichiometry, leading to a more 
porous core and adding to the bubbling problem in PIT-wires and tapes. XRD-patterns 
revealed a systematic shift of the diffraction peaks towards higher angles indicating 
shrinkage of the unit cell of the Bi-2212. This is a clear sign for Y, which has an ionic 
radius of 0.88 Å, substituting into the lattice replacing either Ca or Sr, which have ionic 
radii of 0.94 Å and 1.10 Å, respectively /Ch. Kittel 1983/. Also visible from the graph, is 
that at least part of the superconducting phase still exists at an excess of 6.30 wt.% of 
Y2O3 addition, Figure 5.1.2. This observation is also supported by magnetization data 
taken with the SQUID magnetometer on pieces of bulk material, Figure 5.1.3. The 
superconducting transition temperature, however, is depressed by about 15 K in a bulk 
sample with a 1.27 wt.% addition compared to 85 K measured on a pure Bi-2212 bulk 
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Figure 5.1.1: DTA curves of Bi-2212 added with two different amounts of Y2O3. At a low addition of 
0.63 wt.%, the endothermic peak shifts to considerably higher temperatures compared to pure Bi-2212. At 
an addition of 2.53 wt.% the single peak splits in two indicating the formation of two new phases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.2: XRD-pattern of Bi-2212 added with increasing amount of Y2O3. At 6.3 wt.% at least part of 
the Bi-2212 still exists. The constant shift in the peak positions, however, indicates that Y substitutes into 
the lattice of the host reducing the size of its unit cell. 
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sample. The slope of the transition is considerably flatter in the added sample and the 
onset temperature is reduced by nearly a factor of about 2 to 30 K compared to 65 K for 
the undoped sample. Additionally, there is a hump evolving around 45 K indicating the 
formation of weak links by the addition. Though both samples had about equal masses, 
the diamagnetic signal of the added sample was lower than that of the undoped sample, 
revealing loss of superconducting volume. The lower irreversibility temperature for the 
doped sample suggested that there is merely no potential for Y2O3 additions to alleviate 
the formation of artificial pinning centers. 
SEM micrographs showed the crystallites of the Bi-2212 matrix becoming considerably 
smaller at increasing amount of Y2O3 and were already very small (3 - 4 µm) at an 
addition of just 3.80 wt.% Y2O3 suggesting that in fact part of the Y2O3 substituted into 
the Bi-2212 lattice. The intensity for Y in the EDX spectra of the Bi-2212 matrix, 
however, was so low, that it could not be directly identified as being part of the Bi-2212 
lattice. Along with this development was an increasing occurrence of micronsize second 
phases. At an amount of 1.27 wt.% these were mostly of the copper-rich type, while at 
higher additions around 3.80 wt.% more Y-containing micron-sized phases became 
visible consisting of Y, Ca, and Cu, Figure 5.1.4 and 5.1.5.  
In conclusion, although small additions of Y2O3 do not destroy the superconducting 
properties of the host, they were clearly shown not beneficial. 
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Figure 5.1.3: Transition curve measurements (zfc and fc) on undoped and 1.27 wt.% Y2O3 added Bi-2212. 
With increasing addition Tc drops considerably from about 83 K to 65 K. The hump in the added curve is 
due to the generation of weak links.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.4: ESEM micrographs of (a) pure Bi-2212, (b) 1.27 wt.% Y2O3 (1: superconducting matrix; 2: 
Cu-rich phase), (c) 3.80 wt.% Y2O3 added bulk (1: superconducting matrix; 2: Y-containing second phase). 
At 1.27 wt.% Y2O3 most of the Y substitutes into the host and only Cu-rich phase regions are visible as 
second phases. With increasing amount of Y2O3, Y-containing second phases appear. The most stringent 
influence, however, is the rapid reduction in the average grain size of the Bi-2212. At 3.80 wt.% Y2O3 the 
average grain size of the Bi-2212 is about 1 µm. The white bars represent 5 µm.  
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5.2 Ba-Oxide Additions 
5.2.1 General Considerations 
There are several reasons to choose Ba as a potential candidate for an addition to 
Bi-2212. Ba is highly reactive and has a rich chemistry of (about 30 different) Bi and Cu 
compounds. Furthermore it is in the same homologue as Ca and Sr and is hence 
chemically close to these elements. Its ionic radius, however, is slightly larger (1.29 Å) 
than the radii of Ca and Sr (0.94 Å and 1.10 Å respectively /Ch. Kittel 1983/) making it 
less likely for Ba to substitute into the superconducting lattice. Considering the large-
scale applications point of view, Ba is commercially available as BaCO3 or BaO2 in large 
quantities.  
In a previous study on the influence of Ba on the superconducting properties of Bi-2212, 
BaCO3 powder was mixed and heat-treated together with Sr-deficient Bi-2212 bulk 
material /B. Yang et al. 1996/. It was shown that Ba substituted into the Bi-2212 lattice 
occupying Sr sites leading to an increase in the c-axis lattice parameter because of its 
larger size. Accordingly an increase in Tc depending on the amount of the dopant was 
reported. Magnetization properties, however, were not reported. 
In a different study Ba was added as BaO2 to non-deficient, pure Bi-2212 to investigate 
its potential in reducing the residual carbon content in Bi-2212 powders by reacting with 
the carbon to form BaCO3, which has a large thermodynamic stability /B. Boutemy 1996, 
W. Zhang 1994/. As it turned out, however, Ba did not form a stable compound with C, 
instead it reacted with the host broadening the endothermic reaction and shifting it to 
lower temperatures, Figure 5.2.1. The strong influence on the melting behavior suggested 
that only relatively low amounts of Ba might effectively change the superconducting 
properties of the Bi-2212 without deteriorating it. 
Based on these preliminary considerations and results it was decided to more closely 
examine the impact of Ba additions on phase formation and superconducting properties 
of Bi-2212. Considering the goal of producing PIT-tapes, BaO2 was chosen as reactive 
addition, since BaCO3 would only contribute to an undesirable carbon load already 
present in the powders. 
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Figure 5.1.5: EDX elemental map of the Y-containing second phase in 2.53 wt.% Y2O3 added bulk, 
revealing that it consists mainly of Cu, Ca, and Y. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.1: DTA curves of Bi-2212 and Bi-2212 plus BaCO3. It is clearly visible that Ba reduces the 
melting temperature of the host. 
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5.2.2 BaO2 Added Bi-2212 Powder 
Bi-2212 powders were mixed with BaO2 in molar ratios from 10:1 to 1:1 in steps of 
1 mol, corresponding to weight ratios between 1.9 wt.% and 19.0 wt.% BaO2. DTA was 
applied on these samples and revealed that the melting point gradually moved towards 
low temperatures with increasing amount of the addition, Figure 5.2.2. Between 
3.17 wt.% and 3.80 wt.% the melting peaks split up developing a second endothermal 
peak indicating the formation of a second phase at lower temperatures with the new peak 
growing stronger with increasing amount of the addition. At 19.0 wt.% two completely 
separated peaks appeared, Figure 5.2.3. It was assumed that beyond a certain volume 
fraction of second phases the properties of the host would suffer, due to increased growth 
of large precipitates. Thus most of the investigations were limited to a smaller range of 
BaO2 amounts between 1.90 wt.% and 3.17 wt.%. Within this range the temperature of 
the partial melt was reduced by some 10 K, Figure 5.2.2. Lowering the melting point 
provides the possibility to form and align the Bi-2212 grains at lower heat treatment 
temperatures since the liquid phase is already present then. Lower heat treatment 
temperature may also allow a higher flexibility in the selection of insulating materials for 
the Ag sheath in wind-and-react coils /I.H. Mutlu 1998 and 1997, E. Celik et al. 2000/. 
The yield of the superconducting phase, however, depends on the correct setting of the 
heat treatment temperature. At too high temperatures the melt will start decomposing as 
discussed earlier. According to the DTA results it was thus necessary to optimize the heat 
treatment process for every addition.  
Powder stoichiometries of pure Bi-2212 and BaO2 added powders were analyzed with 
Inductively Coupled Plasma (ICP), Table 5.2.1. All results showed slight deficient values 
compared to the nominal values of Bi2.1Sr1.7Ca1.2Cu2O8, which suggested a systematic 
error in the analysis. With the exception of the 6:1 batch and the 8:1-SCI batch, however, 
(latter was doped at SCI during the powder manufacturing process) all results were close 
to the instrument’s range of accuracy of ± 1.0 wt.% for Bi and ± 0.4 wt.% for the other 
elements. The 8:1 SCI-doped batch showed a slightly lower Bi content, which was not 
surprising, since the whole production batch differed from the others. The Bi loss in the 
6:1 batch, however, may be in part related to the fact that the analysis was accomplished 
following the annealing process of the powder. The results for carbon were 
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Figure 5.2.2: Position of the endothermic peak versus amount of BaO2. The peak temperature continuously 
decreases with increasing amount of the addition. At around 6 wt.% BaO2 it is about 17 K lower than for 
undoped Bi-2212. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.3: Set of DTA curves for Bi-2212 with increasing amount of BaO2. At additions above 
3.17 wt.% two separate peaks form, indicating the formation of a new phase. 
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considerably low in all powders and close to the detection limit of the instrument. Exact 
values for carbon, however, have to be evaluated carefully since sample preparation and 
handling for ICP analysis bears the risk of additional carbon contamination. 
Results of ICP analyses on small pieces of green tape (each 30 mg) revealed that the 
powder mixing process was sufficient leading to a uniform distribution of Ba along the 
length of tape and the composition corresponded to the starting composition. In a 
2.38 wt.% BaO2 added tape with an average content of 1.93 wt.% Ba the standard 
deviation of the average Ba content was small .%03.0 wtx ±=∆ , Table 5.2.2. Since it 
was expected that these results might differ from those to be achieved on reacted tapes 
and on a smaller scale, analyses on the microstructure and local composition were carried 
out, which are discussed in the following. 
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Table 5.2.1: Stoichiometries of the powders used in this investigation for bulk samples and tapes measured by ICP analysis. The typical accuracy achievable with
the instrument used was stated to be around ± 0.4 wt.% for all elements except for Bi, which was around ± 1.0 wt.%. Since all Bi2212 powders, except for the SCI-
doped batch, were identical, the practical accuracy may have been slightly worse. This is possible since sample preparation is very critical with this kind of
analysis. The values mol* give the measured stoichiometries with reference to Cu. ∆wt.% refers to the deviation of the measured from the nominal value.  
 
 
 
 
 
 
Table 5.2.2: Ba distribution in each 3 cm long sections of green tape measured with ICP-analysis, revealing homogeneous distribution of the addition over long
lengths. The standard deviation from the average value was ± 0.03 wt.%. 
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6. MICROSTRUCTURAL PROPERTIES OF BaO2-ADDED 
Bi-2212 
6.1 General Considerations 
The Bi-2212 / BaO2 system consists of a number of elements and possible phases, which 
makes studying the phase evolution a complex task. The Bi-2212 system alone consists 
of five elements including oxygen, whose solubility varies with the temperature and 
therefore has to be included /E.E. Hellstrom 1994/. Knowing from the results of the 
Differential Thermal Analysis that BaO2 additions alter the reaction path of Bi-2212, Ba 
has to be included too, creating a system consisting of six elements. According to Gibbs’ 
phase rule the maximum number of phases in the Bi-2212 / BaO2 system is: 
                                           71061 =+−=+−= FCP , (6.1.1) 
where C is the number of components and F the degrees of freedom in the system. In 
reality the number of coexisting phases can be smaller, since the heat treatment process 
just reaches the partial melt state making mass transport poor. At a given temperature the 
true number of phases depends on the number of pre-existing phases in the precursor 
powder, heating rate, duration of holding time at that temperature, and the kinetic 
properties of pre-existing and intermediate phases. In quenching experiments it was 
shown that the number of phases in pure Bi-2212, coexisting between 860 oC and 920 oC, 
was less than five /E.E. Hellstrom 1993/.  
To get a first impression about the potential of BaO2 additions, this part of the 
investigation answers following questions: 
• How does BaO2 react with Bi-2212? 
• Which additional second phases/precipitates form in BaO2 doped sample? 
• Which sizes are the phases/precipitates? 
• Where are the precipitates to be found, on grain boundaries, within grains? 
• What is the effect on the microstructure/texture of BaO2 added Bi-2212? 
To analyze phase composition and microstructure, XRD, ESEM / EDX, and TEM were 
used extensively on a variety of undoped and doped bulk and tape samples. 
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ESEM micrographs in combination with EDX on doped samples revealed that most of 
the phases visible were the same as typically found in undoped Bi-2212 consisting of 
small grains of Alkaline Earth Cuprates (AEC) and Cu-free (CF) phases in a variety of 
stoichiometries. The specific phases depend on the processing parameters like ramp rate, 
temperature, holding time and ambient atmosphere (oxygen-rich or oxygen-poor), 
Table 6.1.1. As mentioned earlier, the most crucial second phase for the phase 
development of Bi-2212 is the 1:1 AEC. In an optimized heat-treatment process, 
however, there was no indication of excessive growth of 1:1 AEC’s in BaO2 added 
samples and most of the samples showed small 14:24 AEC’s instead. In some cases, 
small precipitates of Ag from the sheath, which got trapped in the melt, were visible. In 
earlier studies it was shown that Ag has a certain solubility in Bi-2212 at higher 
temperatures, which may explain why it was found here /B.A. Glowacki 1998, 
P. Majewski et al. 1997/. Ba-containing phases, however, were barely visible in few 
microgaphs and EDX-maps suggesting that Ba stayed homogeneously distributed in the 
superconducting matrix during heat-treatment and that the Ba-containing phases did not 
show a tendency to agglomerate, Figure 6.1.1. The very small amounts of the BaO2 
additions and their homogeneous distribution made it likely that the new phases formed 
were smaller than the resolution of the ESEM. TEM investigations were carried out to 
better address this issue. 
 
6.1.1 Reaction of Bi-2212 with BaO2 
To address the question how BaO2 interacts with Bi-2212, a set of pellets with BaO2 
additions of 2.38 wt.%, 3.17 wt.%, 4.75 wt.%, and 19.0 wt.% was produced and sintered 
at 820 oC for 24 h under flowing oxygen. For comparison, an undoped Bi-2212 pellet was 
heat-treated together with the set. XRD spectra on all samples revealed that BaO2 reacted 
early in the sintering step of the heat treatment process. Three additional peaks evolved at 
2 Θ = 29.18 o, 29.62 o, 30.02 o and grew stronger with increasing amount of the addition. 
Parallel to the growth of the three peaks, however, the intensities of the Bi-2212 peaks 
grew smaller until they completely vanished at an amount of 19.0 wt.% BaO2. These 
observations clearly indicated that the additional phase grew under the expense of the 
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Phase Shorthand Notation 
Bi2Sr2CaCu2Ox 2212 
Bi2Sr2CuOx 2201 
(Sr,Ca)CuO2 1 : 1 AECa 
(Sr,Ca)2CuO3 2 : 1 AEC 
(Sr,Ca)14Cu24Ox 14 : 24 AEC 
(Sr,Ca)Cu2O2 1 : 2 AEC 
(Sr,Ca)3Cu5O8 14 : 24 AECb 
Bi2(Sr,Ca)3Ox 2 : 3 CFc 
Bi2(Sr,Ca)4Ox 2 : 4 CF 
Bi2(Sr,Ca)7Ox 3 : 7 CF 
aAEC = Alkaline-Earth Cuprate. 
b(Sr,Ca)3Cu5O8 is the same phase as (Sr,Ca)14Cu24Ox and is referred to as 14 : 24 AEC. 
cCF = Copper-Free Phase. 
 
Table 6.1.1: Phases that occur in partial-melt processed Bi-2212 and their shorthand notations /E.E. 
Hellstrom, W. Zhang 1996/. Bi-2223 is never found as second phase in Bi-2212, since it solely forms 
during thermal equilibrium in long, high temperature processes kinetically promoted by small dopings with 
Pb. 
 
Figure 6.1.1: Elemental map of the longitudinal cross section of a 2.38 wt.% BaO2 added tape. Part of the 
Ag sheath is visible at the bottom. Except of small regions containing Ba the cross section showed the 
typical composition of phases as found in undoped samples.  
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Cu-free
Ag-sheath
Ag precipitates
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superconducting matrix, Figure 6.1.2. Independent from the amount of the addition, the 
positions of the Bi-2212 peaks remained unchanged in all samples indicating no 
substitution of Ba into Bi-2212. 
In an approach to assess whether there was any influence of the heat-treatment 
parameters on the tendency of incorporating Ba into the Bi-2212 depends a set of 
2.38 wt.% added bulk samples was prepared and repeatedly heat-treated, reground, 
pressed to pellets, and heat-treated again. After every step a sample was taken out XRD-
spectra recorded and ESEM-micrographs taken. In total, eight cycles were performed. In 
none of the steps could any sign be found in the XRD-spectra that Ba would substitute 
into the Bi-2212 lattice. XRD pattern, however, revealed a change in crystallinity. In the 
spectra the Bi-2212 peaks, (015), (0012), and (123), successively grew stronger with 
every heat-treatment step, Figure 6.1.3. This behavior was also seen in ESEM 
microstructures, which showed gradually improved grain growth towards longer and 
highly aligned grains in colonies, Figure 6.1.4. Grain sizes increased from about 10 µm 
after the first heat-treatment to more than 200 µm after the last one. 
A better homogeneity of the Ba distribution may be one of the reasons for the observed 
improvement of the microstructure. Due to the poor detectability of Ba in the EDX, direct 
proof for a homogenizing effect of the Ba distribution, however, was not possible and 
other reasaons that can influence the crystallinity of the samples are possible too: 
• Change in the residual carbon contents: Repeated heat-treatment can reduce the 
carbon contents in a sample. The samples, however, were always ground in ambient 
atmosphere. Hence a change in carbon contents is possible, but is not expected to 
happen gradually as observed. 
• Loss of Bi: Readjustment of the Bi-2212 stoichiometry mainly due to a slight loss of 
Bi during the heat-treatment. 
• Heat-treatment: The appearance of Bi-2201 peaks in the XRD-spectrum after the 5th 
and 6th process step suggests that the parameters for the heat-treatment were, at least 
in these steps, not optimal.  
 
Micrographs on the 19.0 wt.% added sample revealed that after sintering mainly two 
phases were left, Figure 6.1.5. EDX spectra taken from these two regions showed that the 
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Figure 6.1.2: XRD spectra of Bi-2212 bulk added with increasing amount of Ba, sintered at 820 oC. (The 
4:1 addition was realized with Ba-II-methoxypropoxide). The formation of an additional phase is clearly 
visible, which grew at the expense of the superconducting host. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.3: XRD spectra of repeatedly heat-treated and reground 2.38 wt.% BaO2 added Bi-2212 bulk 
samples. Si-powder was added as internal standard for the analysis (Si(hkl) peaks). No shift in the Bi-2212 
peaks occurred in the spectra indicating that Ba did not substitute into the superconducting matrix. An 
improvement of the crystallinity of the Bi-2212, however, is clearly visible. Bi-2212 peaks, (015), (0012), 
and (123), successively grew stronger with every heat-treatment step. The Bi-2201 peak (**(113)) that 
appeared following the 4th and 5th heat treatment, however, suggests that the heat treatment conditions were 
not optimal in every step. (*) marks the fingerprint of the newly generated phase. 
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Figure 6.1.4: ESEM microstructures of repeatedly heat-treated and reground 2.38 wt.% BaO2 added Bi-
2212 bulk samples. The images show the microstructures after the 1th (a), 4th (b), and 8th (c) process step. 
The long needle in (a) is (Sr,Ca)2CuO3 (2:1 AEC). In (c) colonies containing large aligned Bi-2212 grains 
are clearly visible. 
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bigger regions ‘2’ consisted mainly of Cu-rich phases (AEC’s) and the smaller regions 
‘1’ consisted mainly of Ba, Bi, Sr, and Ca, Figure 6.1.6. A slight background of Cu in 
these signals was related to the fact that, depending on size and thickness of the analyzed 
region, the interaction volume of the electron beam with the sample would reach into 
neighboring regions producing artificial signal in the spectrum of the analyzed region. A 
particularly significant observation in the micrograph of the 19.0 wt.% added sample was 
that the average sizes of the uniformly distributed Ba-containing regions started at about 
5 µm and went down to the detection limit of ≤ 1 µm suggesting that precipitates even 
below that limit might exist. Small second phases in the nanometer scale are of particular 
importance for their potential as artificial pinning centers. 
 
6.1.2 Phase Composition of Reacted Bi-2212 and BaO2 Mixture 
To identify the newly formed second phase and investigate its stability a set of bulk 
samples was produced, which consisted of Bi-2212 and BaBiO3 added in a molar ratio of 
1:1 and pure BaBiO3. Since Cu was also present in the EDX spectra of the additional 
phase, though to smaller degree, bulk samples consisting of Bi-2212 and BaCuO2 in a 
molar ratio of 1:1 and pure BaCuO2 were produced. Bi-2212 bulk samples added with 
BaO2 in a molar ratio of 1:5 were made for comparison. High amounts of the additions 
were chosen to make any reaction clearly visible in the analysis. All samples were then 
subjected to a complete heat treatment cycle and analyzed with XRD, Figure 6.1.7.  
The XRD spectra revealed that with either addition a characteristic spectrum was 
measured, which appeared to be similar to the spectrum of pure BaBiO3. A systematic 
shift in the XRD-peaks to higher angles indicated that the new phase had a smaller unit 
cell than pure BaBiO3, suggesting that the new phase was a substitutional solid solution 
of (Ba,Ca,Sr)BiO3, in which the smaller Ca and Sr partially substituted the larger Ba. The 
EDX spot-analysis confirmed the presence of Ca, Sr and Bi in Ba-rich regions. 
The XRD spectra also showed that BaCuO2 was not stable in Bi-2212 and reacted to 
form the BaBiO3 related phase. The occurrence of CuO (002) and (111) peaks in addition 
to the shifted BaBiO3 spectrum confirmed this observation. Furthermore it appeared that 
in all cases the additions completely reacted with the host since merely no Bi-2212 peaks 
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Figure 6.1.5: SEM micrograph of a 19.0 wt.% BaO2 added Bi-2212 bulk sintered at 820 oC for 24 h. Most 
of the Bi-2212 phase has been consumed during the reaction with Ba and only two phases are left 
consisting mainly of Cu-rich phase (2) and smaller regions consisting of Ba, Bi, Sr, and Ca. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.6: EDX spectrum of the regions shown in the previous picture.  
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were visible in all spectra of added Bi-2212. The three peaks in the BaCuO2 spectrum 
around 2 Θ = 29 o were only coincidental and did not match with peaks of the 
Bi-2212 / BaCuO2. Additionally the BaCuO2 spectrum did not show any peaks 
corresponding to the (200) and (211) peaks of BaBiO3. 
To understand at what temperature the reaction between BaO2 and the bismuth oxide 
from the Bi-2212 took place, DTA-analysis was carried out on a Bi2O3 + BaO2 sample. It 
turned out that an exothermic reaction commenced at around 800 oC with a peak at 
819.9 oC, Figure 6.1.8. 
 
6.1.3 Microstructure under Varying Amount of BaO2 
Microstructures of longitudinal and transverse cross sections of tape samples with BaO2 
additions of 0.0 wt.%, 2.38 wt.%, and 3.17 wt.% were investigated under the ESEM. All 
samples that were chosen for these investigations previously showed high critical current 
densities in zero-field transport measurements at 4.2 K. To reveal the grain structure, the 
surfaces of the samples were polished and then slightly etched in a dilute solution of 
1 part of 60 % perchloric acid (HClO4) and 99 parts of II-butoxy-ethanol 
(CH3(CH2)3OCH2CH2OH). Although the doped samples revealed a slightly higher 
amount of Cu-rich phases, the 2.38 wt.% added tape showed an improved microstructure 
compared to the undoped specimen. Bi-2212 grains grew visibly larger and were well-
aligned, Figure 6.1.9. At 3.17 wt.% high angle grain boundaries and void space occurred 
more often and in many spots Bi-2212 spikes grew into the Ag-sheath. The spike-like 
growth suggests that an additional and stronger growth mechanisms due to the addition 
superseded the growth direction enforced by the constrained volume of the growth 
channel within the tape /E.E. Hellstrom 1994/. No differences on the microstructure of 
the a,b-planes of the samples were visible and all samples showed a similarly high 
amount of high-angle grain boundaries in the a,b-planes, Figure 6.1.10. To understand 
how Ba influences the grain growth of Bi-2212, diffusion couples were produced. They 
consisted of a layer of highly added 1 Bi-2212 + 5 BaO2 pressed onto a layer of undoped 
Bi-2212. The pellets were then heat treated, applying the regular heat treatment schedule 
with Tmelt = 888 oC for 0.4 h. To reduce segregation effects, driven by gravitational pull 
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Figure 6.1.7: XRD spectra of Bi-2212 bulk added with high amounts of BaO2, BaBiO3, and BaCuO2 in 
comparison with pure BaCuO2 and BaBiO3 bulk samples. The data show that BaCuO2 is not stable in the 
heat-treated compound. All additions yield a fingerprint that indicates the formation of a BaBiO3 related 
phase. The shift in those peaks towards higher angles, however, suggest that the new phase is not pure, but 
a solid solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.8: DTA curve of BiO3 added with BaO2. A strong exothermic peak forms at 819.9 oC.  
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Figure 6.1.9a: ESEM panoramas of polished and surface-etched cross sections of tapes with 0.0 wt.% (a), 2.38 wt.% (b), and 3.17 wt.% (c) BaO2 additions.
The white bar corresponds to 50 µm. An increased number of Cu-rich precipitates (AEC’s) is visible in both doped samples. At 3.17 wt.% a larger amount of
high angle grain boundaries occurs. (The images were taken with the BSD detector in place to achieve Z-contrast.) 
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Figure 6.1.9b: On higher magnification of the cross sections in fig. 6.1.9a, longer grain growth is clearly 
visible in the 2.38 wt.% BaO2 added sample (b) compared to the undoped specimen (a). The increased 
amount of high-angle grain boundaries causes inferior transport properties in 3.17 wt.% BaO2 added 
tape (c). 
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on part of the melt, the pellets were placed in the furnace with the interfaces normal to the 
ground. In ESEM micrographs of fractured cross sections, a diffusion layer of about 
200 µm was clearly visible, Figure 6.1.11. EDX analysis revealed that the diffusion layer 
consisted of highly aligned plates of Bi-2212, which grew with their c-axes parallel to the 
surface of the interface. Since the melting temperature was set to a value to achieve the 
partial melt state in the Bi-2212 layer, the temperature was too high for the Bi-2212/BaO2 
layer, which started decomposing. Bubbles occurred due to excessive release of oxygen 
and the doped layer did not show any Bi-2212 grains and was very porous. The undoped 
layer showed plate-like grains of Bi-2212 with the c-axes oriented normal to the 
interface. The grains had average sizes of approximately 25 µm.  
An EDX line-scan for Ba across the interface was performed to uncover how Ba 
distributes in the diffusion zone, Figure 6.1.12. Though the line-scan signal was pretty 
noisy mainly due to the porosity of the sample (particularly in the Bi-2212/BaO2 layer), it 
clearly revealed that the Ba contents in the pellet continuously increased across the 
diffusion layer. The difference between the melting temperature of the Bi-2212 and the 
Bi-2212/BaO2 layer suggests that the added layer provided the melt necessary to grow the 
Bi-2212 crystals, which nucleated in the undoped layer. As a result the Bi-2212 grains 
follow the concentration gradient of the Ba growing with their c-axes parallel to the 
interface. 
These results have an impact on the phase development in Ag/Bi-2212 tapes: Ba-rich 
regions suppress nucleation of Bi-2212 favoring the growth of few nuclei that eventually 
grow larger, fed by the melt of the Ba-rich regions. Depending on the amount of the Ba 
addition and the homogeneity of its distribution, an equilibrium establishes between the 
growth driven by the constrained volume and the growth driven by the concentration 
gradients of the addition. At higher Ba additions, however, local concentration gradients 
become large enough that the crystalline growth solely follows the gradient. This leads to 
a poorly aligned microstructure with many high angle grain boundaries and spike-like 
growths into the Ag-sheath.  
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Figure 6.1.10: ESEM micrographs of the crystallographic a,b-surfaces of tapes with the Ag sheath 
removed by etching. No influence is visible on the a,b-texture due to the addition and all samples reveal a 
similar amount of high-angle grain boundaries. “r.d.” marks the rolling direction of the tape. 
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Figure 6.1.11: ESEM micrograph of the diffusion layer within a diffusion couple consisting of 
1 Bi-2212 + 5 BaO2 and Bi-2212 after regular heat treatment at Tmelt = 888 oC for 0.4 h. The white bar 
represents 50 µm. A 200 µm wide region consisting of highly aligned Bi-2212 plates is visible in the 
diffusion zone. The undoped region shows Bi-2212 platelets with average lengths of about 25 µm. The 
highly overdoped region reveals a rather amorphous and porous structure, which is related in part to the 
high amount of addition and in part to the heat treatment parameters that are either optimal for the undoped 
or highly doped region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.12: EDX line scan for Ba across diffusion couple. The white line represents the position of the 
scan. The image clearly shows the Ba content continuously increasing across the diffusion layer indicating 
that part of the Ba-containing second phases stay within the Bi-2212 region. The scatter in the line scan is 
mainly caused by porosity of the bulk sample. 
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6.1.4 TEM Analysis of BaO2 Added Bi-2212 Tapes 
In the previous sections it was found that Ba reacts with Bi-2212 to form a new phase. In 
diffusion couples Ba was found to stay in part in the diffusion zone, which consisted to a 
large part of well-aligned Bi-2212 crystals. In tapes, however, the Ba containing phases 
could not be detected clearly under the ESEM because of the limited resolution of the 
instrument and the small amount of the addition. To study where the Ba-containing 
phases form and how large they grow in Ag-clad tape-conductor, TEM analyses were 
carried out. Samples made from pieces of tape containing 2.38 wt.% and 3.17 wt.% BaO2 
were prepared and investigated, Figure 6.1.13. In the 2.38 wt.% BaO2 added sample two 
Ba containing phases were detected by EDX, the (Ba,Ca,Sr)BiO3 solid solution and a Ba 
and Sr containing phase which was believed to be a solid solution consisting of (Ba,Sr)O. 
The latter was sometimes visible as tiny inclusions close to the (Ba,Ca,Sr)BiO3. In all 
samples, the (Ba,Ca,Sr)BiO3 phases were found on twist boundaries of the Bi-2212 with 
typical sizes ≤ 5 µm in length and about 1 µm in thickness. The formation of 
(Ba,Ca,Sr)BiO3 on twist boundaries is important, since it only affects part of the 
superconductor which is already weak-linked by the nature of the Bi-2212. Tilt 
boundaries, which are especially important for high transport currents in the tape, were 
not affected. The relatively large sizes of the Ba-containing phases, however, made it 
unlikely that they would act as effective pinning centers. The finding, however, could not 
completely rule out artificial pinning, since only extremely tiny sections of a sample can 
be investigated with the TEM. Growth defects induced by the precipitates may also act as 
effective pinning centers. This is known from REBCO (123) in which the 211 phase 
(RE2BaCuO5), although typically larger than the coherence length, pins due to induced 
growth defects /P. Diko 2000/.  
Ba was not found inside the Bi-2212 matrix in any of the investigated samples. Taking 
into account that no peak shift in the XRD pattern was measurable between Bi-2212 
peaks of pure and doped samples, substitution of Ba into the Bi-2212 lattice was 
excluded as a potential source of sub-micron size defects in Bi-2212.  
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Figure 6.1.13: TEM images of (a), (b) 2.38 wt.%, and (c) 3.17 wt.% BaO2 added tape. The regions marked 
with the labels were related to following phases, 1: Bi-2212, 2: (Ba,Ca,Sr)BiO3, 3: (Ba,Sr)O.  
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6.2 Texture 
6.2.1 X-ray Texture Goniometric Analysis 
From cross-sections of doped and undoped tapes a change in texture was visible in ESEM 
micrographs. In an approach to quantify that change, X-ray texture goniometry was 
applied on doped and undoped tape samples. Core samples from optimally heat-treated 
0.0 wt.%, 2.38 wt.%, and 3.17 wt.% BaO2 added tape were prepared and pole-figures of 
three linear independent peaks of high intensity ((008), (115), (200)) were recorded. 
From these results, (001) pole-figures were recalculated and plotted /L. Brandao 2000/. 
The iso-lines in the measurements were plotted in “times-random” units, referring to a 
randomly oriented standard, Figure 6.1.14.  All samples revealed uniform and 
pronounced c-axis texture. The 2.38 wt.% added sample, however, showed the highest 
degree of c-axis texture within the set indicating the existence of an optimum of BaO2 
additions above which texture properties deteriorate. 
 
In conclusion of the microstructural analysis following can be summarized:  
• Ba was found to react with Bi-2212 to form small uniformly distributed precipitates. 
It was shown that these precipitates consisted of a substitutional solid solution of 
Ba(Sr,Ca)BiO3. 
• It is believed that the Ba-addition suppresses the number of nuclei created during 
resolidification by shifting the balance between the reaction partners and possibly 
creating a slightly larger amount of melt providing more time for other nuclei to grow 
larger. 
• TEM studies did not reveal any substitution of Ba into the Bi-2212 lattice. 
• Ba-containing precipitates were found to be in the µm-range.  
• Results of ESEM and X-ray texture goniometry revealed an improvement in the 
texture of BaO2 added Ag-clad PIT-tapes.  
• The results of the pole-figure analysis point towards the existence of an optimal BaO2 
addition between 2 - 3 wt.%.  
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Figure 6.1.14: Recalculated pole figures of (a) 0.0 wt.%, (b) 2.38 wt.%, and (c) 3.17 wt.% BaO2 added 
tape samples measured at the interface between Ag and Bi-2212 and close to the midplane of the Bi-2212 
core. The data show uniform and pronounced c-axis texture in all samples with the typical degradation 
towards the center of the core. The 2.38 wt.% added sample, however, shows the highest degree of c-axis 
texture within the set. 
at midplane 
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6.3 Alternative Routes of Adding Ba-oxides to Bi-2212 
The Ba-concentration gradient was found to be a driving force of the selective growth of 
the Bi-2212. Changing the Ba-distribution therefore should have a measurable influence 
on the crystalinity of the Bi-2212 phase. Since the optimum amount of the BaO2-addition 
is very small a homogeneous distribution in the Bi-2212 powder is not easily achievable. 
To achieve a more intimate mixture among the constituents two different approaches 
were investigated for their viability: 
• Adding Ba dissolved in an organic solution. The metal-organic compound Ba-II-
methoxy propoxide was chosen since it can be added without altering the Bi-2212. A 
slurry consisting of Bi-2212 and Ba-II-methoxy propoxide (BaMPO) diluted in 
methoxy propanol was produced. The slurry was heated under stirring motion up to 
50 oC until all organics evaporated. The remaining substance was heated further and 
ground until powder remained.  
• Adding Ba dissolved in nitric acid as part of the precursor solutions before the 
coprecipitation process. This was done at the powder supplier’s company, 
Superconductive Components Inc. (SCI), and involved the production of a new batch 
of powder. 
DTA results of bulk samples produced via these methods were compared with results 
completed with the Bi-2212/BaO2 powder addition and pure Bi-2212, Figure 6.3.1.  The 
reduction of the onset melting temperature and endothermal peak was clearly visible in 
all curves with a Ba-addition. These values were slightly lower for the Bi-2212/BaMPO, 
which may reflect the difficulty in measuring the correct amount of the highly volatile 
Ba-II-methoxy propoxide. 
ICP results on the SCI-doped powder revealed that it had the same stoichiometry as the 
powder used in the other methods, Table 5.2.1. XRD-spectra taken from added bulk 
material sintered at 825 oC for 24 h showed the typical fingerprint of Ba-added Bi-2212 
consisting of the major Bi-2212 peaks and the spectrum of the second phases, 
Figure 6.3.2. The Bi-2212 (115) and (200) peaks in the spectrum of the powder, which 
was doped as precursor (Bi-2212/Ba, SCI), however, showed a slightly different intensity 
ratio than the same peaks of the other two batches. Further microstructural investigations 
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Figure 6.3.1:DTA results of three different Ba-doping methods compared with pure Bi-2212. The amount 
of Ba was 1.93 wt.% in all added powders. (BaMPO was used as shorthand for Ba-II-methoxypropoxide.) 
Clearly visible in all curves of added Bi-2212 is the reduction in the melting onset temperature and 
endothermal peak. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3.2: XRD-spectra of 1.93 wt.% Ba-added Bi-2212 comparing three different methods of adding 
the dopant. The ratio of the intensities of the Bi-2212 (115) and (200) peaks in the spectrum of the powder 
that was doped in the precursor state (Bi-2212 / Ba, SCI) is slightly different compared to the other 
powders indicating a change in the Bi-2212 composition. 
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and transport measurements on PIT-tape using the SCI-doped powder revealed an 
inferior grain structure and alignment throughout all investigated samples independent of 
the heat-treatment parameters applied. It is believed that although the stoichiometry was 
confirmed with ICP the phase purity of the calcined powder was affected by the addition. 
A different heat-treatment setup for the calcination process may cure this difficulty, but 
could not be pursued further since it would have involved the change of the existing 
large-scale fabrication process at SCI Inc.. 
In Bi-2212/BaMPO samples, however, the growth behavior was similar to that of Bi-
2212/BaO2 samples. In both bulk material and diffusion couples Bi-2212 grains grew into 
colonies consisting of large grains, Figure 6.3.3. In diffusion couples Bi-2212 grain 
growth followed the concentration gradient of the Ba in the same manner as it did in Bi-
2212/BaO2 samples. Differences in the heat treatment schedule produced similar changes 
in the microstructures of both systems. 
 
In conclusion it can be noted that, though BaMPO addition appears to be a viable means 
to introduce Ba into Bi-2212, it also introduces large quantities of carbon into the 
powder. To avoid bubbling in tape conductor thorough annealing of the powder is 
therefore essential before using it in a PIT-process. 
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7. MAGNETIC PROPERTIES OF Ba-ADDED Bi-2212 
7.1 Objectives 
Magnetization experiments were carried out on bulk and tape samples in magnetic fields 
up to 33 T. Fields up to 5 T were covered with a SQUID magnetometer. For the higher 
fields, a modified VSM was used. The major questions that were addressed in these 
investigations were: 
• Do the previously observed changes in the microstructure of Ba-added Bi-2212 also 
reflect in changes of the diamagnetic properties? 
• Do the pinning properties change with Ba-additions?  
• Does a certain amount of Ba exist for which the diamagnetic properties of Bi-2212 
are optimal? 
To be more flexible in covering a variety of compositions and to avoid influences that are 
very specific to tapes, e.g. interface properties and the volume constraints, samples made 
from Ba-added bulk Bi-2212 also were closely investigated in addition to tape samples. 
 
7.1.1 Tc - measurements 
Transition curve measurements were carried out with a SQUID magnetometer on 
samples with BaO2 additions in the range of 0.0 – 4.75 wt.%. All samples showed sharp 
transitions, which are a measure of the purity of the samples and also proof for the 
suitability of the heat treatment process. The measurements revealed that Tc did not 
change within that range and was about 85 K in all samples, which is a typical value for 
Bi-2212 heat-treated under pure oxygen. This observation is consistent with results 
obtained earlier from TEM, in which no Ba was found in the Bi-2212 lattice, and XRD, 
in which no shift between the Bi-2212 peaks of doped and undoped samples occurred, 
adding a further indication that the Ba is not situated within the Bi-2212 lattice, 
Table 7.1.1. 
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Figure 6.3.3: ESEM micrograph of diffusion couple consisting of a layer of Bi-2212 and 1 Bi-2212 + 1 
BaMPO. In the diffusion layer large colonies of Bi-2212 crystals are clearly visible. The Bi-2212 grains in 
the diffusion layer grow with their a,b-axes along the concentration gradient of the Ba following the same 
trend as observed before in the Bi-2212/BaO2 system. 
 
 
 
 
 
 
 
 
Table 7.1.1: Results of Tc measurements on Bi-2212 samples with various amounts of BaO2. The first row 
shows the molar ratios. It is clearly visible that Tc does not change within a range of about 0 – 4.75 wt.% 
BaO2, indicating that Ba does not substitute into the Bi-2212 lattice. 
 
 
Bi-2212:Ba 1:0 8:1 7:1 6:1 5:1 4:1
wt.% BaO2 0.00 2.38 2.72 3.17 3.80 4.75
Tc /K 84.3 82.5 83.1 84.3 83.5 84.1
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7.1.2 Magnetization Hysteresis Loops 
Magnetization hysteresis measurements at 5 K were performed on bulk Bi-2212 added 
with BaO2 in a range of 0.0 – 3.8 wt.%. The data revealed that the magnetization 
properties varied considerably with the percentage of the addition. The hysteresis widths 
of bulk samples with 2.38 wt.% BaO2 were the largest. Bulk samples with lower or 
higher amounts of BaO2 showed smaller hysteresis widths indicating an improvement of 
the granular properties of Bi-2212 due to the addition, Figure 7.1.1. Measurements on 
tape samples using a vibrating sample magnetometer (VSM) exhibited a similar trend in 
fields up to 33 T. The magnetization hysteresis of a 2.38 wt.% BaO2 added sample was 
by a factor of 2 wider than a 1.9 wt.% added sample, Figure 7.1.2. These observations 
indicate that a certain amount of second phases is necessary to yield improved 
magnetization without deteriorating the superconducting matrix, which was found to 
occur with higher percentages of BaO2. This is consistent with results gained earlier in 
the XRD-analysis. 
To reduce the influence of dimensional effects on the magnetization experiments and to 
create a common basis for comparison, samples were ground into powders of similar 
particle sizes. The powders were cast into epoxy-pellets to avoid in-field alignment of the 
crystallites and cross sections were produced in addition. From the cross sections the 
average particle sizes were then determined under the ESEM. Following Bean’s critical 
state model magnetization critical current densities Jcm were calculated: 
                                     
d
M
md
MJ Bicm
~
~
202 2212 ∆=∆= −ρ   [A/cm2], (7.1.1) 
where M~∆ is expressed in [emu], which is the unit of magnetization used by the 
Quantum Design SQUID magnetometer, 32212 /45.68.0~ cmgBi ⋅=−ρ  is the theoretical 
density of Bi-2212 corrected by a typical filling factor for reacted tapes of 0.8, m is the 
total sample mass in [g], and d is the average diameter in [cm] of the superconducting 
crystallites, Table 3.1.1. Jcm typically differs considerably from a transport Jc 
measurement since there are several assumptions to be made for the validity of (7.1.1): 
• The Bean’s model itself, which assumes besides an ideal geometry, that the specimen 
is fully penetrated by the magnetic field carrying a critical current of Jc everywhere in 
the sample, and that Jc is independent of the applied field. 
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Figure 7.1.1: Magnetization loops (a) and loop widths (b) of bulk Bi-2212 with BaO2 additions in the 
range between 0.0 - 3.8 wt.% at 5 K. The widest hysteresis was observed in 2.38 wt.% added samples. 
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Figure 7.1.2: Magnetization loops (a) and loop widths (b) of 1.9 wt.% and 2.38 wt.% BaO2 added tapes 
taken at 5 K in a field range up to 33 T with a vibrating sample magnetometer (VSM). The sample 
orientation was B || c. The scatter in the low field regime is noise caused by the sample rod touching the 
wall of the sample chamber. 
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• Magnetization is typically not proportional to sample sizes and not necessarily 
proportional to the grain sizes since. Void space and non-superconducting crystallites 
are part of the sample. 
• Different demagnetization factors for different grain shapes are disregarded. Fractions 
of Bi-2212 samples are typically non-spherical. 
• Filling factors of fully reacted samples are not known exactly. 
• Magnetization does not consider potential inter granular limitations of grain boundary 
transport. 
 
With these restrictions in mind, magnetization data were taken on powders from undoped 
tapes and tapes with 2.38 wt.% BaO2 addition. The average particle sizes were 
determined to about davg = 20 µm for each sample. The data revealed that magnetization 
loops of samples with 2.38 wt.% BaO2 at 4.5 T and 10 K were 1.3 times wider than 
powders of undoped tapes, Figure 7.1.3. At temperatures above 10 K, however, this 
margin vanished and at 30 K both curves, with the exception of the low field maxima, 
were more or less identical, suggesting the existence of pinning centers in the BaO2 
added Bi-2212 that are effective only in the low temperature regime.. 
 
7.1.3 Irreversible Behavior 
At applied fields between Hc1 and Hc2, type-II superconductors enter the Shubnikov 
mixed phase, in which magnetic flux penetrates into the bulk, while superconductivity is 
not fully quenched. The critical current density is principally determined by the flux 
pinning mechanism in the superconductor /D.R. Nelson 1989, M. Tinkham 1988, 
Y. Yeshurun 1988/. Furthermore, flux pinning is also the cause of irreversible behavior in 
a superconductor. One consequence of flux movement is that already far below the upper 
critical field Bc2 the transport current drops to zero. The field around which this happens 
is called irreversibility field Birr. From the applications point of view, the irreversibility 
line, Birr(T), marks the boundary between finite and zero Jc, and is an important 
parameter to assess the in-field performance of high temperature superconductors. The 
degree of irreversible behavior depends largely on the flux pinning strength and the 
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Figure 7.1.3: Magnetization critical current densities Jcm calculated from magnetization loops of ground 
cores of undoped and 2.38 wt.% BaO2 added tape samples. The data were taken up to 5 T at (a) 10 K, (b) 
20 K, and (c) 30 K. At 10 K the Jcm of the doped sample are about 1.3 times higher than the Jcm of the 
undoped sample. 
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dimensionality of the superconductor. In experiments, this dependence can be critical and 
it is necessary to keep sample sizes and morphologies as similar as possible. An 
approximate expression of the irreversibility line in polycrystalline Bi-2212 has been 
given by /N. Ihara 1996/: 
                             
( )
m
c
irr T
T
T
KB 



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
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
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
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−
22
223 1γ       for        B << Bc2, (7.1.2) 
where K ≅ const., and γ (0.5 – 0.8 for Bi-2212), m (2 – 3 for Bi-2212) are fitting 
parameters. The irreversibility line can be measured by several methods. In this 
investigation, dc-magnetization measurements were applied. In transition curve (Tc) 
measurements, the point separating the zero-field cooled (zfc) curve from the field cooled 
(fc) curve (closure point) at a fixed applied magnetic field, defines the irreversibility 
temperature. In hysteresis curve measurements, the point at ∆M → 0 is the irreversibility 
field. In this work, irreversibility lines were determined from Tc measurements for 
practical reasons, Figure 7.1.4. Closure points in Tc curves are easier to determine than in 
hysteresis loops, where the curves typically touch each other at smaller angles. 
Additionally the measurability of closure points in hysteresis measurements is limited by 
the sensitivity of the magnetometer, since for ∆M → 0 also M → 0. 
Irreversibility lines were measured on ground bulk material, cast in epoxy, and tapes with 
Ba additions between 0.0 – 4.75 wt.%, Figure 7.1.5. The tape samples were oriented with 
the tape normal (crystallographic c-axes) parallel to the applied field. A slight spread at 
low temperatures is clearly visible in both curves with the 2.38 wt.% BaO2 added samples 
revealing higher irreversibility fields at the same temperature. Towards high 
temperatures, however, all curves are more or less identical bolstering the conclusion 
made in the previous paragraph that the pinning centers in Bi-2212 created by Ba-doping 
are only effective at temperatures below 20 K. The same trends were also measured for 
samples that were added with the Ba-II-methoxypropoxide solution. This observation 
suggests that the distribution of Ba in the superconducting matrix after the heat treatment 
is similar regardless of sample preparation and does not create smaller precipitates, nor 
does it increase their amount. Unfortunately it was not possible to follow the spread in the 
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Figure 7.1.4: Typical Tc measurements on 2.38 wt.% added tape at (a) 5⋅10-4 T, and (b) 1⋅10-2 T in zero-
field (zfc) and field-cooled (fc) configuration. The arrows mark the closure points, the irreversibility 
temperature Tirr, in the curves. 
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Figure 7.1.5: Irreversibility lines of (a) ground pellets cast in epoxy with BaO2 additions in the range of 
0.0 - 4.75 wt.%*, and (b) tape samples with BaO2 additions between 0.0 – 3.17 wt.%. The orientation of the 
tape samples was B || c. A spread in both sets of curves at low temperatures is clearly visible. At 
temperatures above 20 K all curves are more or less identical. 
*The star refers to the fact that these samples were added with Ba-II-methoxypropoxide. The numbers 
represent the equivalent amount in BaO2. 
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irreversibility line towards lower temperatures, since the SQUID magnetometer used, 
only covers a magnetic field range up to 5.5 T. 
 
7.2 Pinning Potential of BaO2 added Bi-2212 
While magnetization M(B) data can be seen as a measure of how densely flux lines can 
be packed together in a sample before superconductivity breaks down, it is also important 
to know how well the flux lines are pinned within the conductor. As such, magnetization 
hysteresis loops are a window in time of a dynamic process. The magnetization of a 
magnetized sample changes with time once the applied magnetic field is constant. The 
time decay of the nonequilibrium magnetization is called magnetic relaxation. It is a 
dissipative process, which has its origin in redistribution and motion of flux lines away 
from their pinning sites usually caused by thermal activation, but can also arise from 
tunneling processes, especially at ultralow temperatures, or external activation like 
vibration. Traditionally, one distinguishes two regimes of dissipation: “flux creep” when 
the pinning force dominates /P.W. Anderson 1962/ and “flux flow” when the Lorentz 
force dominates /Y.B. Kim et al. 1964, M. Tinkham 1964/. The relaxation effect is 
particularly large in high-temperature superconductors and the dissipation process is 
called “giant flux creep”. The concept of thermal activation causing hopping of the flux 
lines out of their pinning potentials can be described by applying the conventional 
Arrhenius relation: 
                                                      ( )TkUtt Bexp0= ,  (7.1.3) 
where t0 is the effective hopping attempt time, U the activation energy, and kB the 
Boltzmann-constant. Since the hopping process is driven by the Lorentz force, U should 
be a decreasing function of J. The easiest approximation by Anderson and Kim assumes 
U to be linear in J, so that 
                                                       [ ]01 ceff JJUU −= . (7.1.4) 
Ueff is the apparent activation energy, which can be different from the true activation 
engery U0 due to the model character of (7.1.4). Other models involving a logarithmic 
potential as well as a power potential model have been proposed /E. Zeldov et al. 1990, 
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D.S. Fisher et al. 1991, M.V. Feigel’man et al. 1990 and 1989, M.P.A. Fisher 1989/. 
Combining (7.1.3) and (7.1.4) yields the equation of flux creep 
                                              







−=
0
0 ln1 t
t
U
TkJJ
eff
B
c . (7.1.5) 
Since J is proportional to the magnetization M, this equation describes a decay of the 
magnetization, which is logarithmic in time. The particularly large relaxation in high 
temperature superconductors can be understood from estimating the height of the energy 
barrier U0 by the condensation energy of a vortex ( ) 22 8 ξπcH  per unit length of the 
vortex /Y. Yeshurun 1996 and 1988/. Since the coherence length ξ is usually very small 
in high temperature superconductors the activation energy U0 is small as well. This 
affects the time dependent term in (7.1.5), giving rise to high flux creep rates. 
For fast non-logarithmic decay processes, which occur immediately after the applied field 
reaches constant value, and also for very low temperatures, (7.1.5) fails /L. Civale 1990, 
A. Hamzic 1990/. Equation (7.1.5), however, describes the relaxation process basically 
correct and for many cases sufficiently. In this investigation a SQUID-magnetometer was 
used, which typically has large time constants. The time necessary to stabilize the system 
from switching off the applied field to the start of the first measurement was about 4 min. 
The time necessary to execute one measurement requested an additional 30 s. Due to 
these delays the SQUID recorded only the slow, logarithmic part of the relaxation process 
and (7.1.5) was applicable for all experiments in this investigation. To eliminate the 
effective hopping attempt time t0, (7.1.5) can be rewritten in terms of a normalized 
relaxation rate  
                                              ( )
( )
( ) eff
B
U
Tk
td
Md
td
dM
M
S −===
ln
ln
ln
1
0
. (7.1.6) 
By measuring the characteristic rate of the relaxation S, the activation energy of the flux 
lines Ueff can be calculated. Magnetic decay measurements were performed on ground 
bulk samples and on tape samples using the SQUID magnetometer. After the samples 
were zero-field cooled to temperatures between 10 – 40 K field was applied. The 
magnitude of the applied field was estimated from the hysteresis loops and set to a value 
between the first field of full penetration and the irreversibility field to ensure full flux 
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penetration and homogeneous flux profiles and was held there for about 300 s. The tape 
samples were placed in the SQUID magnetometer with their crystallographic c-axes 
parallel to the applied field. In the double logarithmic plot of the decay, the data points of 
all measurements followed straight lines, proving that the approach of a logarithmic 
decay for the experiments was suitable, Figure 7.2.1.  
In high Tc materials it has been observed that measured activation energies increase with 
increasing temperature /W. Wei 1998, Y. Yeshurun 1996, A.A. Zhukov 1992/. The same 
trend has also been observed in the samples studied in this investigation. The activation 
energies increased in all samples monotonously between 15 - 60 K, Figure 7.2.2. At low 
temperatures (4.2 – 15 K), however, the activation energies rose only slightly. Comparing 
undoped and BaO2 samples revealed that doping with BaO2 did not affect the activation 
energy of Bi-2212 within a temperature range of 4.2  K to around 40 K. At temperatures 
between 40 – 60 K the activation energies were found to be slightly higher in BaO2-
added bulk compared to undoped bulk. For tape samples the curves were almost 
identical. The difference in the magnitude of Ueff between tapes and ground bulk samples 
is related to the fact that pinning of flux lines in c-direction is in general weaker 
compared to flux lines penetrating in a,b-direction. Here tape samples were measured 
with c || B, while in the ground bulk samples both orientations c || B and a,b || B were 
equally present. 
It was not possible to measure relaxation processes beyond temperatures of more than 
60 K, since the sensitivity of the SQUID magnetometer was insufficient for the small 
signals close to the superconducting to normal transition and relaxation rates could not be 
determined properly. It is, however, expected that somewhere closer to Tc when massive 
flux-flow commences the activation energies will drop to zero. The observed trends 
baffle the Anderson-Kim model, which proposes a decrease of the activation energy with 
increasing temperature due to increased quasiparticle excitations that reduce the 
superconducting condensation energy. Several models have been proposed to explain the 
different behavior and it is commonly believed that the pinning mechanisms change with 
the temperature, reaching from tunneling of single vortex lines at low temperatures over 
vortex creep to collective vortex movement at high temperatures /R. Griessen 1990, 
M.V. Feigel’man et al. 1990 and 1989, M.P.A. Fisher 1989, L. Fruchter et al. 1991/.  
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Figure 7.2.1: Magnetic decay of 0.0 wt.%, 2.38 wt.%, and 3.17 wt.% BaO2 added tapes for a temperature 
range between 10 - 40 K. All curves follow a straight line in the double logarithmic graph revealing the 
validity of the assumption of a logarithmic decay in that specific time window.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2.2: Activation energies calculated from magnetization decay data for undoped and 2.38 wt.%, 
and 3.17 wt.% BaO2 added (a) tape and (b) bulk samples. Slightly higher activation energies are visible for 
2.38 wt.% added bulk in the temperature regime above 40 K. 
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7.3 Remarks 
Ba-doped and undoped bulk and tape samples were studied in as-grown and ground 
conditions. From the results of the Tc measurements in combination with the results 
gained earlier in XRD studies it was concluded that Ba does not enter the Bi-2212 phase, 
regardless of the amount of the addition. In magnetization measurements on solid pellets 
and tapes it was found that BaO2 added samples showed wider hysteresis loops than 
undoped samples, suggesting that a similar trend should be observable in the transport 
properties if grain coupling is not adversely affected (see next chapter). It has to be noted 
that for MgO-doping, which has been subject of a previous work increased magnetization 
did not correlate with increased transport Jc /W. Wei 1998/. Hysteresis loops were the 
widest for 2.38 wt.% added samples at low temperatures. For temperatures higher than 
20 K, the difference vanished, suggesting the existence of pinning centers that are 
effective in the low temperature regime. Irreversibility line measurements also indicated 
only a small contribution of Ba-additions to pinning properties at low temperatures. 
Magnetic relaxation experiments supported these observations.  
It can be concluded from magnetization experiments that doping with BaO2 did not 
adversely affect the pinning properties of Bi-2212. An improvement of the magnetic 
properties was observable for the low temperature regime. Though relaxation data 
revealed slightly higher activation energies of the BaO2-added samples for temperatures 
above 40 K, irreversibility fields were too low to gain an advantage for technical 
applications in the elevated temperature regime. 
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8. TRANSPORT PROPERTIES OF Ba-ADDED Bi-2212 
8.1 General Considerations 
The superconducting-to-normal transition and magnetic relaxation have their origins in 
thermally activated hopping of vortices /D. Dew-Hughes 1989, M.R. Beasley 1965, P.W. 
Anderson 1964/. The relationship between flux motion and I(V) curves is based on the 
fact that this motion creates an electrical field E = v × B, where v is the average velocity 
of the flux lines in the direction of the Lorentz force. For an unpinned and damped flux-
line lattice, v is proportional to the current density J, which causes a linear relationship 
between V and I. In the case of pinning the average velocity depends on thermally 
activated jumps of the flux lines v = v0 exp (-U(J)/kBT), where U(J) is the activation 
energy. Thus E is also exponentially dependent on U(J) causing a highly non-linear I(V) 
relation /Y. Yeshurun 1996/. Three regions are typically distinguished in the I(V) curves 
of high temperature superconductors that are characterized by the flux dynamic inside the 
sample: A linear, non-ohmic part, where V ~ I and I << Ic is. This region is called TAFF- 
(thermally assisted flux flow) region and depends strongly on the ambient temperature. 
The next part with V ~ ekI is also non-ohmic and highly temperature depending and is 
called region of flux-creep. The third part is a dissipating regime with V ~ I, where the 
flux lattice starts flowing and the dissipation becomes almost ohmic. In technically 
applied superconductors the current-voltage relation is commonly described by an 
empirical power law of the form E ~ Jn, linking the electrical field and the current density 
of the conductor /E. Zeldov et al. 1990/. The exponent n or “n-value” characterizes the 
sharpness of the transition. In low-temperature superconductors (LTS) at not too high 
magnetic fields, n-values can reach up to 40. In high temperature superconductors (HTS), 
however, n-values typically do not reach beyond n = 15. Low n-values propose that 
energy can dissipates in the conductor even below the critical current Ic, which is 
unfavorable, especially if HTS magnets are to operate in persistent mode. LTS materials 
tend to show strong pinning properties and n-values are rather affected by extrinsic 
effects like sausaging and other kind of filament non-uniformity /W.H. Warnes 1987/. 
Because the high anisotropic crystalline structure of HTS-materials, their inferior 
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intrinsic pinning properties and their much smaller coherence length, the shape and 
amount of grain boundaries become determining factors for the transport properties of the 
HTS-conductor. BSCCO, which has the largest crystallographic anisotropy, is subject to 
significant flux motion that destroys Jc when the temperature is about 30 – 50 K. At 
lower temperatures, however, flux-flow is non-catastrophic and large transport Jc can be 
obtained. 
Although limited to a temperature region below 30 K, only BSCCO has shown large 
transport Jc at high field over long length of conductor.  Further improvement of transport 
critical current densities, however, still is a major goal in applied HTS research. While 
magnetization measurements provide quantitative understanding of flux pinning and 
some qualitative insight into grain connectivity, transport Jc is the functional goal for 
HTS-tape conductors. Thus, extensive transport measurements in fields up to 33 T were 
performed during this investigation. 
All transport property measurements were carried out on short (up to 5 cm) tape samples 
in the conventional four-point measurement method. An electric-field criterion 1 µV/cm 
was chosen since it will be the future IEC-standard /K. Itoh 2000/. In contrast to LTS-
materials, which show a sharp rise of voltage at Jc, Jc of HTS materials depends on the 
electric field criterion. This makes the investigation of E-J characteristics on Bi-oxide 
superconductors an important issue from the viewpoint of technical applications. The 
1 µV/cm criterion, however, is not always appropriate for any practical application and it 
may be necessary to be modified for specific applications. In the case of a Nuclear 
Magnetic Resonance (NMR) magnet, the decay of the magnetic field, and hence the 
decay of the persistent current, should be smaller than 10-2 ppm/h, rendering the 1 µV/cm 
criterion not useful in case of low n-values /H. Kumakura 2000, J.S. Brooks 1998/. 
 
8.1.1 Self-field Results 
As seen in the DTA- and microstructural investigations, the Bi-2212 phase formation 
strongly depends on the partial melt temperature, which varies with the amount of the Ba-
addition. To optimize the heat-treatment in tape conductor, a series of short tape samples 
with BaO2 additions of 0.0 wt.%, 1.9 wt.%, 2.38 wt.%, 2.72 wt.%, and 3.17 wt.% were 
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heat treated with peak melting temperatures varying from 875 oC to 900 oC. Additionally, 
tape samples produced from the SCI-doped precursor with an amount of 1.93 wt.% Ba 
(which is stoichiometrically comparable to 2.38 wt.% BaO2) was also heat treated in the 
same temperature range. Jc measurements were then carried out in zero-field at 4.2 K. 
Every Jc vs. peak melting T curve revealed a more or less pronounced maximum and was 
asymmetric around an optimum peak melting temperature, Toptim, with a steep slope 
towards lower temperatures. The origin of the asymmetry can be explained with the fact 
that below the optimum, the partial-melt has not been fully evolved. Up to that point only 
sintered Bi-2212 powder is present, which reacts in a diffusion process to form Bi-2212 
crystals. This type of reaction is much slower than the Bi-2212 formation from a partial 
melt and hence incomplete. It also does not tend to form textured grains. At Toptim just 
enough AEC’s form to react more or less completely into Bi-2212 during resolidification. 
Beyond Toptim this balance slowly deteriorates driven by massive loss of oxygen and 
especially in non-coated conductor, loss of Bi. The shift in the temperature peak towards 
lower temperatures with increasing amount of BaO2 repeats the trend earlier observed in 
the DTA-analyses. Comparing the melting onset temperatures Tonset derived from DTA 
results with the Toptim derived from the heat treatment optimization runs, however, 
revealed that all Toptim are lower than the Tonset. This may be in part due to the fact that the 
Ag-cladding reduces the partial melting temperature of the Bi-2212 slightly /P. Majewski 
et al. 1997/. Due to the more or less pronounced temperature plateaus, for which high 
critical currents were achieved, the subtle differences in the temperatures that were 
observed in the DTA among the different BaO2 added samples analyses did not 
reproduce as clearly in the Toptim of the heat treated tapes. The highest zero field critical 
current density achieved at 4.2 K was 25 /101.1 cmAJ c ⋅= for undoped tapes, 
25 /102.1 cmAJ c ⋅=  for 3.17 wt.% BaO2 added composition and 
25 /101.2 cmAJ c ⋅=  
for 2.38 wt.% BaO2 added tapes. Tapes that were produced with powder manufactured 
from doped precursor with 1.93 wt.% Ba-content performed up to one order less in Jc 
compared to the other tapes. Though there is a considerable amount of scatter in the 
measured data, comparison of the maximum Jc for differently doped samples reveal a 
maximum for the 2.38 wt.% BaO2 composition, Figure 8.1.1. 
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Figure 8.1.1a: Transport critical current density vs. peak melting temperature plots to optimize heat 
treatment for (a) 0.0 wt.%, (b) 2.38 wt.%, BaO2-added Bi-2212 tape conductor. 
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Figure 8.1.1b: Transport critical current density vs. peak melting temperature plots to optimize heat 
treatment for (a) 3.17 wt.% BaO2-added, and (b) 1.93 wt.%, Ba-added (SCI) Bi-2212 tape conductor. 
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A conspicuous feature in the heat treatment optimization curves is the change in the 
width of the temperature plateaus, for which high critical current densities can be 
achieved. For all doped tapes the width of these plateaus was between 3 – 4 K, whereas 
the undoped sample offered the broadest plateau of about 10 K before Jc dropped 
significantly. Compared to pure Bi-2212, it appears that at temperatures above Toptim the 
characteristics and composition of the partial melt in Ba-added Bi-2212 is altered in a 
way that the reaction to Bi-2212 remains incomplete on cooling. From the applications 
point of view this behavior indicates a smaller tolerance regime for temperature 
variations during the heat treatment process, which is unfavorable since it requires higher 
accuracy and reproducibility of the furnace setup.  
The transport properties of tape samples manufactured from powders produced from 
doped precursors with 1.93 wt.% Ba were the lowest among the investigated tapes. These 
results are in so far surprising, as ICP and XRD investigations on the two Bi-2212 
powders used showed only slight differences. Microstructural investigations on these 
tapes, heat-treated at any temperature, always revealed an inferior crystal structure 
compared to all other tapes, Figure 8.1.2. No further studies with this powder were 
undertaken. 
 
Zero-field transport measurements at 4.2 K on tape samples heat treated at optimized 
peak melting temperature in batches, each containing ten samples, clearly supported the 
observation of a maximum in Jc, which occured between 2 – 2.4 wt.% BaO2 addition, 
Figure 8.1.3. This maximum was clearly distinguishable even under consideration of the 
scatter in the Jc data. The average scatter in the transport Jc amounted to about 20 % for 
all investigated tapes. Since the scatter is independent of the amount of the addition it 
seems to be rather related to the many extrinsic factors, such as varying manufacturing 
parameters as described earlier, Figure 8.1.4. 
While the transport properties of the samples were very sensitive towards a change in 
height of the peak melting temperature, they were much less sensitive towards a change 
in the duration of the partial melt step, Figure 8.1.5. No significant change in Jc was 
visible between 0.0 – 0.4 h of holding time at melting suggesting that the partial melt has 
been fully evolved in that regime. Arguing from the applications point of view it is 
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Figure 8.1.2: Typical microstructures of pellets containing the same amount of Ba (1.93 wt.%) that were 
heat treated at the same temperature of 880 oC. Pellet (a) was pressed from BaO2 doped Bi-2212 powder, 
whereas pellet (b) was pressed from powder that was doped with Ba during the precursor phase of the 
Bi-2212 powder production (SCI batch). The two cross sections reveal significantly different 
microstructures. The average grain size in (a) is about 20 – 50 µm and in (b) just about 3 – 5 µm.
 
 
Figure 8.1.3: Transport critical current density vs. amount of BaO2. Zero-field transport data were taken at 
4.2 K from batches of tape samples, that were heat-treated, each at optimized peak melting temperature. 
Every batch contained 10 pieces of about 5 cm long tape.  
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Figure 8.1.4: Zero-field critical transport current densities of sample sets heat-treated in batches, each at 
optimized peak melting temperature measured at 4.2 K. Shown are the results for batches with (a) 
0.0 wt.%, (b) 1.9 wt.%, (c) 2.38 wt.%, (d) 2.72 wt.%, and (e) 3.17 wt.% BaO2. The average scatter in Jc is 
about 20 % among samples of each composition. The hatched bar to the right indicates the average Jc for 
each set of samples. 
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Figure 8.1.5: Change of the transport critical current density at constant peak melting temperature with 
increasing duration of the partial melt step. The dots represent an average of 3 samples. Between 0.0 - 0.4 h 
only a small decrease in Jc is visible indicating that the most crucial parameter in the heat treatment process 
is the peak melting temperature itself. 
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evident that the peak melting temperature is the more influential parameter in the heat 
treatment process. 
 
8.2 In-field Results 
Transport current measurements were carried out on sets of undoped and doped tape 
samples in high fields with the applied field normal to the crystallographic c-axis. This is 
the typical configuration for operating pancake-coils as part of a stacked magnet in an 
external field, and is also the preferred orientation for pinning. At 17 T, the critical 
current densities retained were Jc = 6.6·104 A/cm2, and Jc = 7.6·104 A/cm2 for undoped 
and 2.38 wt.% BaO2 added tapes, respectively. For the 3.17 wt.% BaO2 added tape the 
retained critical current density was Jc = 4.2·104 A/cm2, which was lower than for the 
undoped tape, Figure 8.2.1. The lower critical current values for the 3.17 wt.% added tape 
suggests that BaO2 additions of more than 2.38 wt.% not only create more and larger 
second phase regions but also increase the amount of weak links, e.g. an increased 
density of grain boundaries, which both affect the transport properties of the sample.  
Additionally it has to be taken into account that an increasing amount of BaO2 gradually 
reduces the ratio of the superconducting to non-superconducting volume, which is a 
result of the nature of BaO2 being an addition that reacts with part of the superconducting 
matrix. In-field transport measurements at 4.2 K in very high fields up to 30 T showed a 
similar trend as observed in the tapes exposed to 17 T. The 2.38 wt.% added sample still 
retained 21 % of its initial Jc-value at 30 T, Figure 8.2.2. 
 
The critical current density data at 4.2 K show the typical hysteresis loops that occur 
during field cycling /A.I. D’yachenko 1993/. This phenomenon is commonly explained 
by flux trapping in a network of links at low temperatures. The applied field 
superimposes with the fields produced by intragranular currents flowing within the grains 
(colonies). As a consequence the magnetic field at the grain boundaries is increased for 
increasing applied fields, whereas it is reduced for decreasing fields. This reduces or 
boosts the transport critical current in conductor at increasing field and decreasing field, 
respectively, Figure 8.2.3. At 4.2 K the hystereses are the widest since most of the weak 
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Figure 8.2.1: Transport critical current densities versus applied magnetic field for optimized BaO2-doped 
and undoped Bi-2212 tapes. The 2.38 wt.% added sample shows significantly better transport properties 
than the undoped sample up to fields of 17 T. The arrows indicate whether the measurements were taken 
during increasing field (lower curves) or decreasing field (upper curves). A hysteresis is present in all 
samples.  
Figure 8.2.2: Jc(B) data for fields up to 30 T for a 2.38 wt.% BaO2-added and undoped Bi-2212 tape 
sample. The squares mark the results for decreasing field. (Due to an accidental sample damage at 27 T are 
some of the data for the undoped sample missing.)  
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links contribute to the current path /Q.Y. Hu et al. 1995/. According to an extended 
version of the Evetts-Glowacki model, the critical current versus field dependence is 
separable into two contributions. It is assumed that the critical current is flowing in two 
paths within a tape: One path Icw goes through the weakly linked grain boundaries 
(Josephson-type junctions). The other path Ics goes through strongly linked grains 
(colonies) and is controlled by the flux pinning mechanisms inside the grains /F.A. List et 
al. 1997, R. Wesche 1995, J.E. Evetts 1988, Y.K. Huang 1998/: 
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are the critical current density through strong links at zero-field and the irreversibility 
field, respectively. J1, B1, B2, and α are fitting parameters. The irreversibility field Birr 
and α are related to the pinning characteristics of the conductor. The measured curves 
basically followed the trend described in (8.2.1). 
The hysteresis width of all tapes studied was about 14 % of the ramp-down Jc value at its 
widest point, suggesting no significant increase of weak links due to the BaO2 additions 
in optimized tapes. Though the critical currents of 2.38 wt.% added samples are 
considerably higher than undoped and higher doped samples, the slopes in the Jc(B) 
curves on the low-field, weak-link determined and the high-field, strong-link determined 
side were almost identical for all samples. The retained Jc at 17 T was about 40 % of the 
initial value for all samples. This behavior suggests that the pinning properties of the 
Bi-2212 are not affected by the addition, which confirms the results gained from the 
studies on the microstructural and magnetization properties. 
This picture, however, may change slightly when looking at in-field transport results at 
elevated temperatures. Due to the unavailability of a suitable cryogenic system operating 
at elevated temperatures, these measurements could not be carried out.  
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Figure 8.2.3: Schematic view of flux trapping and magnetic superposition in a weak linked superconductor 
at different stages in a cycled magnetic field. A circle represents either a grain or a persistent current loop. 
The shaded area represents a weak link. The bold arrows represent the intensity of the applied magnetic 
field. The effective applied field on returning from maximum field is reduced by the contributions of the 
persistent current loops inside the sample (a-d) and increased on ramping up (e-f) /J.E. Evetts 1988/. 
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To investigate the sharpness of the superconducting-to-normal transition, n-values as a 
function of the applied field were determined for an undoped, 2.38 wt.%, and 3.17 wt.% 
BaO2 added tape sample from in-field transport data. The data were taken with the 
applied field normal and parallel to the crystallographic c-axis at 4.2 K on a probe rig 
featuring a sample holder that could be rotated in situ. As previously described, all 
samples were mounted rigidly on the sample holder to avoid Lorentz-force induced 
stresses and repeated zero-field measurements following in-field runs confirmed that the 
sample showed no indication of mechanical failure due to the measurements.  After 
correction of the voltage offset, the data were plotted in a double logarithmic diagram and 
the n-value (slope) within a range of approximately 5 µV above Jc were calculated, 
Figure 8.2.4. The 2.38 wt.% added sample showed the highest n-values of n = 22 at zero 
field, followed by the undoped sample with n = 18. At an applied field of 4 T the n-values 
dropped to 13 for the undoped and 15 for the 2.38 wt.% BaO2 added tape, Figure 8.2.5. In 
the low field regime between 0 - 1 T both, the undoped and 2.38 wt.% added tape showed 
significant differences between the n-values calculated from transport measurements in 
both field directions, normal and vertical to the crystallographic c-axis, revealing a high 
degree of texture in these tapes. At fields above 3 T, n-values for the undoped tape 
degraded slightly, suggesting flux motion due to loss of pinning properties. The lowest n-
values were achieved with the 3.17 wt.% added sample with n between 6 – 7, 
independent of the applied field and field direction, indicating lack of sufficient texture in 
tapes featuring this and higher amounts of BaO2. 
 
8.2.1 Angular Dependence of the Critical Current  
The large anisotropy in layered superconductors like Bi-2212 causes dissipative behavior 
in field, which not only depends on the strength of the applied field but also on the 
orientation of the crystallographic axis towards the applied field. In layered compounds, 
the electron density and the superconducting order parameter vary in the direction 
perpendicular to the superconducting layers (c-direction) and both become small between 
the superconducting layers. At low temperatures the coherence length in Bi-2212 is 
smaller than the distance between the layers so that the inhomogeneity in the order 
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Figure 8.2.4: Double logarithmic plot of the transport critical current densities of undoped, 2.38 wt.%, and 
3.17 wt.% BaO2 added tapes. The plots show sections of the I/V-curves covering a range of approximately 
5 µV above Jc. The 2.38 wt.% added tape reveals the highest transport properties at all applied fields. A 
significant drop in the transport current densities, however, is visible for all samples at elevated fields. 
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parameter in c-direction does not average out and becomes dominant /P.H. Kes et al. 
1990/. According to the Lawrence-Doniach model, which assumes a layered structure 
consisting of CuO2 planes and Josephson junctions, a dimensional crossover from 3D to 
2D appears under this condition /W.E. Lawrence 1971/. Hence, in an applied external 
magnetic field only the field component perpendicular to the layers gives rise to 
dissipative behavior and the external magnetic field aligned along the CuO2 planes should 
not influence superconductivity as long as the temperature is below the crossover 
temperature Tco, which is defined by 
                                                      
( ) 2021 


Γ
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


−
sT
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, (8.2.3) 
where Γ = mc/mab is the ratio of the effective masses of the quasiparticles in a,b and c-
direction, ξab(0) is the Ginzburg-Landau coherence length in the CuO2 planes at T = 0 K, 
and s is the distance between the planes. For Bi-2212, the crossover already occurs about 
0.5 K below Tc (ξab(0) = 3.2 - 3.8 nm, s = 1.2 nm, Γ = 3000 /D.E. Farrell et al. 1989 and 
1988, M.J. Naughton et al. 1988, T.T.M. Palstra et al. 1988/). This implies that the 
parallel field component of an applied field penetrates as if the superconducting planes 
were completely decoupled, leading to pinning properties that vary with the rotation 
angle of the superconductor versus applied field. Since pinning force and transport 
critical current are linked over the critical-state equation /A.M. Campbell 1972/ 
                                   BJcBFBF cLp ×== )/1()()( ,       c = const. (8.2.4) 
Jc also follows that behavior. Assuming a stepwise flux pinning in extrinsic pinning 
centers and trapped flux lines in intrinsic interlayers, the angular dependence of the 
critical current in an ideally layered superconductor is given as /M. Tachiki 1994/ 
                                           
( ) 21sin)(; −⊥= θθ BJBJ cc , (8.2.5) 
where the exponent is a characteristic for the type of defect structure in the conductor. 
(The exponent is 0.5 for planar defects). For small angles experimental data deviate from 
formula (8.2.5). In real conductors a distribution of crystalline orientations exists, leading 
to an averaging effect and low angular dependence of Jc around small angles, this 
yielding a rounded peak around maximum Jc /Q.Y. Hu et al. 1995/. Additionally, the Jc 
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values at high angles will too depend on the average orientations of the crystallites inside 
the conductor. 
Measuring the angular dependence of the critical current can therefore be used to in situ 
assess the differences in the average texture of a tape conductor without destroying it. 
Three samples, one undoped, a 2.38 wt.%, and a 3.17 wt.% BaO2 added tape having zero-
field critical current densities of 1.2⋅105 A/cm2, 2.2⋅105 A/cm2, and 8.2⋅104 A/cm2, 
respectively, were mounted on a rotating sample holder. Their transport properties versus 
field angle were then measured in fields up to 4 T. To avoid hysteresis effects due to flux 
trapping the measurements were taken at increasing angles starting at o0=θ  (B || a,b) for 
each direction. The recorded values were then normalized with respect to the maximum 
Jc0 and plotted versus θ , Figure 8.2.6. Clearly visible in all diagrams is the averaging 
effect around low angles leading to similar critical current values within a range of 
o5.2±=∆θ . Significant differences of the transport critical current ratios were observed 
at 1.0 T, with increasing angles indicating a higher degree of anisotropy in the 2.38 wt.% 
BaO2 added tape compared to the undoped tape. The 3.17 wt.% added sample showed the 
highest transport critical currents at high angles, indicating inferior crystallinity. 
 
8.2.2 Average Grain Alignment in Tapes 
According to the Lawrence-Doniach model the transport critical current Ic is solely 
affected by the field component normal to c, B||c(θeff), where θeff is the angle between the 
a,b-plane of the tape and the applied field /W.E. Lawrence 1971/. The rotation angle θ  
typically does not represent the angle between the applied field and the a,b-plane of the 
tape, since it is affected by the misalignment of the grains inside the tape, which can be 
expressed by an average misalignment angle ϕavg = |θeff - θ|. Transport critical currents 
measured versus the applied field at two angles θ yield the same values for two different 
applied fields within a certain range of the low field region. Because the dissipation of the 
samples results only from B||c, the same Ic in the curves correspond to the same B||c, 
Figure 8.2.7. From the Ic(B,θ = 0o) and Ic(B,θ = 90o) data the average misalignment angle 
can therefore be calculated applying 
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 Figure 8.2.6: Ratios of the transport critical currents Ic/Ic0 of undoped, 2.38 wt.%, and 3.17 wt.% BaO2 
added tape versus orientation angle of an applied magnetic field with (a) 0.1 T, (b) 0.5 T, and (c) 1.0 T. 
Significant differences of the transport current ratios are clearly visible at 1.0 T and an angle of 90o 
indicating a higher degree of anisotropy in the 2.38 wt.% BaO2 added tape. 
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( )21arctan BBavg =ϕ ,     for     Ic(B1,θ = 90o) = Ic(B2,θ = 0o). (8.2.6)  
The average misalignment angles calculated from measurements on an undoped, a 
2.38 wt.%, and a 3.17 wt.% BaO2 added tape yielded about the same values, with ϕavg 
being within the range of 2.5o – 4o, which can basically be considered good values for 
tape conductors, Figure 8.2.8. It is, however, at first glance surprising that the superior 
microstructural and electrical properties of 2.38 wt.% added samples do not show up in 
different ϕavg. This is related to the fact that transport properties of a conductor are always 
determined by its weakest regions and the average misalignment angle is only marginally 
affected by single defect structures like high angle grain boundaries that determine Ic of 
the whole tape. Additionally, ϕavg does not reveal any information about the number or 
quality of grain boundaries or other defects and a large number of smaller well-aligned 
crystallites can give the same ϕavg as a smaller number of longer or better connected 
grains. This conclusion can easily be verified taking into account the ESEM results that 
were gathered on the 3.17 wt.% BaO2 added tape. In micrographs of several cross 
sections of this type of tape large defect structures could be found besides regions of 
well-aligned superconducting phase. 
In conclusion, it can be pointed out that the 2.38 wt.% BaO2 added tape showed the best 
low temperature zero-field and in-field transport properties compared to undoped and 
higher doped tape samples. It could be shown that 2.38 wt.% added tapes revealed the 
highest anisotropy when rotating it in an external magnetic field. The calculated average 
misalignment angle yielded similar results for the investigated samples and showed an all 
over good alignment for all tapes. 
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Figure 8.2.7: Schematic view of a tape with misaligned grains in an applied magnetic field at two different 
orientations. For B* = B cos θ the critical currents for both orientations (a), and (b) are identical. 
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Figure 8.2.8: Transport critical currents versus applied field at 4.2 K at two different angles θ for an (a) 
undoped, (b) 2.38 wt.%, and (c) 3.17 wt.% BaO2 added tape sample. Points a and b mark a set of applied 
fields for which the effective fields B||c are equal. The average misalignment angles were calculated from 
these values. 
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9. Summary and Outlook 
About ten years after their discovery, high temperature superconductors are now coming 
to the market. High field insert coils operating in large background fields (~20 T) will be 
one of the expected applications of high temperature superconductors /J.E. Evetts 2000, 
P. Komarek 2000, H. Weinstock 2000/. With its straightforward thermo-mechanical 
processing parameters, Bi2Sr2CaCu2Ox (Bi-2212) is one of the most promising candidates 
for high-field applications /H.W. Weijers et al. 1999/. Two shortcomings, however, limit 
the applications of Bi-2212, weak flux pinning above 30 K due to the lack of effective 
pinning centers, and reduced Jc due to non-oriented grain growth and other 
inhomogeneities. Weak flux pinning is caused by the strong anisotropy of the Bi-2212.  
Several efforts have been made to artificially introduce pinning centers. It has been 
shown that flux pinning in high-Tc materials could be effectively improved by irradiation 
with heavy ions /J. Schwartz 1993/. Irradiation techniques, however, are not suitable for 
large-scale applications.  
Magnetooptical imaging revealed that typically only a fraction of an HTS 
superconducting wire is actually capable of carrying a transport current due to 
insufficient microstructural properties /A.A. Polyanskii et al. 1994, J.A. Parrell 1996/. 
Though much research has been conducted in the past, optimizing the superconducting 
properties of HTS materials it is still an important issue of current applied research. 
In this project the approach was made to understand the influence of BaO2 additions on 
the microstructural and electrical properties of Bi-2212. The addition was applied on 
both, bulk-material and Ag-clad tape conductor. Objectives of this investigation included: 
• Understand Bi-2212/BaO2 chemistry within Ag-clad powder-in-tube processed tapes, 
with focus on following questions: 
• Does the addition have an influence on phase formation and partial-melt 
temperatures? 
• What is the phase composition of Bi-2212/BaO2? 
• Does the addition agglomerate during heat treatment? 
• Does BaO2 lead to precipitates and if, what are their average sizes? 
• Where are the Ba-containing precipitates to be found in reacted Bi-2212/BaO2? 
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• Optimize the manufacturing process of Bi-2212/BaO2 monofilament tape conductor.  
• Study the microstructural features of Bi-2212/BaO2 in comparison to pure Bi-2212. 
• Compare the magnetization properties of Bi-2212/BaO2 and pure Bi-2212 to evaluate 
the potential of the precipitates as effective artificial flux pinning centers.  
• Influence of BaO2 additions on the transport properties of Ag-clad tape conductors. 
It was found that Ba lowers the partial melting temperature of Bi-2212 by several degrees 
and that the reduction of the partial melting temperature depends on the amount of the 
addition. XRD analysis indicated that BaO2 reacts with the host, forming a new second 
phase consisting of a solid solution consisting of (Ba,Ca,Sr)BiO3. With the exception of 
the additional second phase, the phase composition of fully reacted Bi-2212/BaO2 was 
almost the same as that found in undoped Bi-2212. Within the resolution limit of the 
ESEM, precipitates of Ba(Ca,Sr)BiO3 were homogeneously distributed in the samples. 
Since BaO2 is a reactive addition, which destroys part of the host to form second phases, 
it was expected that only small amounts would be beneficial for the properties of 
BaO2/Bi-2212. This was proven in ESEM studies. Cross sections of samples showed that 
up to a certain amount of BaO2, microstructures improved with Bi-2212 crystallites 
growing to longer length compared to undoped Bi-2212 samples. Above a certain 
amount, however, microstructures deteriorated revealing disturbed growth of Bi-2212 
colonies with high angle grain boundaries. It is believed that besides an optimization of 
the amount, the distribution of the addition in the Bi-2212 precursor powder is also 
critical. An approach, however, to further homogenize the distribution of the addition in 
the Bi-2212 precursor powder by replacing BaO2 powder with Ba-II-methoxypropoxide 
dissolved in methoxypropanol did not show significant differences from using powder as 
addition. 
TEM-investigations on optimally added samples revealed that the average size of Ba-
containing second phases was larger than the coherence length of Bi-2212 making it 
unlikely that the precipitates itself will act as artificial pinning centers. This finding, 
however, does not imply that an influence on the pinning properties due to the addition 
can be completely excluded. Sample preparation for the TEM is a very elaborate process 
and particularly difficult for polycrystalline materials creating regions of interest which 
do not necessarily represent the properties of the whole sample. Precipitates within the 
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nanometer range may have been missed in the TEM. Since BaO2 is a reactive addition 
local changes in the Bi-2212 stoichiometry are likely to cause an increased amount of 
growth defects. Both can act as pinning centers as it is known from REBCO, in which 
211 precipitates introduce pinning centers though their actual sizes are commonly larger 
than the coherence length of the host. Although it was not possible to see potential 
pinning sites under the TEM directly, magnetization experiments revealed some 
improvement of flux pinning due to the addition with BaO2. Irreversibility fields at low 
temperatures were higher for optimally added Bi-2212. In magnetic relaxation studies 
slightly higher activation energies were measured for temperatures between 40 – 60 K. 
Compared to the improvement of pinning properties, however, that have been achieved in 
radiation experiments, the contribution of BaO2 additions to pinning was small.  
A clear difference in the materials properties was visible in the transport data. Heat 
treatment optimized tapes with an addition of 8Bi-2212/1BaO2 (≅ 2.38 wt.% BaO2) 
showed with 25101.2 cmAJ c ⋅=  at 4.2 K transport critical current densities that were 
by a factor of 2 higher than undoped Bi-2212. In an applied field range of 0 - 4 T, 
n-values were between 22 – 15. 
Unfortunately it was not possible to carry out transport measurements at elevated 
temperatures. These would have given a more direct view on the pinning properties of 
Ba-added Bi-2212 than magnetization data. Though it is possible to establish a stable 
ambient temperature using cold He-gas, the thermal energy introduced during transport 
measurements in current-leads and, closer to Jc, inside the investigated materials, causes 
large thermal drifts and distorts the measurement results. Since completion of this work a 
Ne-liquifier and cryostat is under development and will be available in the near future at 
the NHMFL to accomplish transport measurements at 27 K. 
Summarizing following important results were achieved with adding BaO2 to Bi-2212: 
• Reduction of melting temperature of Bi-2212, 
• Improvement of crystalline growth of the Bi-2212 phase and texture, 
• Pinning properties of BaO2/Bi-2212 were not adversely affected by the addition, 
• Improvement of transport properties in optimally added powder-in-tube processed 
tapes.  
Among these the influence on texture and transport current densities were the strongest. 
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Due to the complexity of the field and the limits of the project not all questions could be 
answered and ideas realized. Further investigations on the interactions of Ba with 
Bi-2212 could involve the following topics:  
• Adjusting the starting stoichiometry of the Bi-2212 powder to control the amount of 
second phases formed during the reaction with the BaO2. 
• Substituting Ba into Bi-2212: Partial substitution of small amounts of Ba into Sr and 
Ca deficient Bi-2212 can be useful to increase the amount of growth defects in the 
host which act as pinning centers. The anisotropy in Bi2Bay+zSr2-yCa1-zCu2Ox, 
however, will increase since Ba is slightly larger than Sr and Ca and have inferior 
internal pinning properties than the undoped remaining Bi-2212. 
• Changing the processing scheme that may be more promising for the incorporation of 
second-phase particles by utilizing the thermodynamic non-equilibrium of the partial 
melt process and the complexity of the Bi-2212 phase-field: This would involve the 
reaction of BaO2 with non Bi-2212 containing phases in Bi-2212 stoichiometry. To 
start this process Bi-2212 precursor powder would have to be brought beyond the 
partial-melt temperature followed by quenching. After quenching, the remaining 
components would be ground and BaO2 added. During a regular heat treatment Bi-
2212 could form and coincidentally incorporate Ba containing precipitates, 
Figure 9.1. 
• Use of Ba to enforce texture in Bi-2212 bulk: The observed tendency that in alternate 
layers of Ba-rich and Ba-poor Bi-2212 long grains of Bi-2212 were formed along the 
concentration gradient could be exploited to enforce texture in bulk Bi-2212. Bulk 
Bi-2212 rods manufactured in radially layered fashion with layers of Bi-2212 
following layers of BaO2/Bi-2212 could be heat-treated to develop pronounced c-
texture in tangential direction. Related diffusion experiments have been successfully 
carried out recently, using layers of non-superconducting precursor materials 
consisting of Bi-0212 and Bi-2001 that showed well textured layers of Bi-2212 within 
the diffusion zone /Y. Yamada et al. 1997, 1998, and 1999/. 
Though a considerable amount of work has been accomplished on dopings and additions 
in high temperature superconductors previously, there is still a potential of further intense 
materials research in this field. 
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Figure 9.1: Processing scheme for incorporating Ba in Bi-2212 by using non-Bi-2212 precursor. 
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